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Abstract 
The current state of knowledge in relation to first flush does not provide a clear 
understanding of the role of rainfall and catchment characteristics in influencing this 
phenomenon. This is attributed to the inconsistent findings from research studies due 
to the unsatisfactory selection of first flush indicators and how first flush is defined. 
The research study discussed in this thesis provides the outcomes of a 
comprehensive analysis on the influence of rainfall and catchment characteristics on 
first flush behaviour in residential catchments. Two sets of first flush indicators are 
introduced in this study. These indicators were selected such that they are 
representative in explaining in a systematic manner the characteristics associated 
with first flush.  
Stormwater samples and rainfall-runoff data were collected and recorded from 
stormwater monitoring stations established at three urban catchments at Coomera 
Waters, Gold Coast, Australia. In addition, historical data were also used to support 
the data analysis. Three water quality parameters were analysed, namely, total 
suspended solids (TSS), total phosphorus (TP) and total nitrogen (TN). The data 
analyses were primarily undertaken using multi criteria decision making methods, 
PROMETHEE and GAIA. Based on the data obtained, the pollutant load distribution 
curve (LV) was determined for the individual rainfall events and pollutant types. 
Accordingly, two sets of first flush indicators were derived from the curve, namely, 
cumulative load wash-off for every 10% of runoff volume interval (interval first 
flush indicators or LV) from the beginning of the event and the actual pollutant load 
wash-off during a 10% increment in runoff volume (section first flush indicators or 
P). 
First flush behaviour showed significant variation with pollutant types. TSS and TP 
showed consistent first flush behaviour. However, the dissolved fraction of TN 
showed significant differences to TSS and TP first flush while particulate TN 
showed similarities. Wash-off of TSS, TP and particulate TN during the first 10% of 
the runoff volume showed no influence from corresponding rainfall intensity. This 
was attributed to the wash-off of weakly adhered solids on the catchment surface 
referred to as “short term pollutants” or “weakly adhered solids” load. However, 
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wash-off after 10% of the runoff volume showed dependency on the rainfall 
intensity. This is attributed to the wash-off of strongly adhered solids being exposed 
when the weakly adhered solids diminish. The wash-off process was also found to 
depend on rainfall depth at the end part of the event as the strongly adhered solids 
are loosened due to impact of rainfall in the earlier part of the event. Events with 
high intensity rainfall bursts after 70% of the runoff volume did not demonstrate first 
flush behaviour. This suggests that rainfall pattern plays a critical role in the 
occurrence of first flush. 
Rainfall intensity (with respect to the rest of the event) that produces 10% to 20% 
runoff volume play an important role in defining the magnitude of the first flush. 
Events can demonstrate high magnitude first flush when the rainfall intensity 
occurring between 10% and 20% of the runoff volume is comparatively high while 
low rainfall intensities during this period produces low magnitude first flush. For 
events with first flush, the phenomenon is clearly visible up to 40% of the runoff 
volume. This contradicts the common definition that first flush only exists, if for 
example, 80% of the pollutant mass is transported in the first 30% of runoff volume. 
First flush behaviour for TN is different compared to TSS and TP. Apart from 
rainfall characteristics, the composition and the availability of TN on the catchment 
also play an important role in first flush. The analysis confirmed that events with low 
rainfall intensity can produce high magnitude first flush for the dissolved fraction of 
TN, while high rainfall intensity produce low dissolved TN first flush. This is 
attributed to the source limiting behaviour of dissolved TN wash-off where there is 
high wash-off during the initial part of a rainfall event irrespective of the intensity. 
However, for particulate TN, the influence of rainfall intensity on first flush 
characteristics is similar to TSS and TP. The data analysis also confirmed that first 
flush can occur as high magnitude first flush, low magnitude first flush or non 
existence of first flush.  
Investigation of the influence of catchment characteristics on first flush found that 
the key factors that influence the phenomenon are the location of the pollutant 
source, spatial distribution of the pervious and impervious surfaces in the catchment, 
drainage network layout and slope of the catchment. This confirms that first flush 
phenomenon cannot be evaluated based on a single or a limited set of parameters as 
a number of catchment characteristics should be taken into account. Catchments 
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where the pollutant source is located close to the outlet, a high fraction of road 
surfaces, short travel time to the outlet, with steep slopes can produce high wash-off 
load during the first 50% of the runoff volume.  
Rainfall characteristics have a comparatively dominant impact on the wash-off 
process compared to the catchment characteristics. In addition, the pollutant 
characteristics also should be taken into account in designing stormwater treatment 
systems due to different wash-off behaviour. Analysis outcomes confirmed that there 
is a high TSS load during the first 20% of the runoff volume followed by TN which 
can extend up to 30% of the runoff volume. In contrast, high TP load can exist 
during the initial and at the end part of a rainfall event. This is related to the 
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 Chapter 1: Introduction 1 
Chapter 1: Introduction 
1.1 BACKGROUND 
Urbanisation is a common phenomenon in most parts of the world. Urbanisation can 
have a positive impact in terms of socio economic development. However, 
urbanisation negatively impacts on the water environment in both quantitative and 
water qualitative terms. As noted by Goonetilleke and Thomas (2004), land clearing, 
construction of buildings and roads and changes to the natural waterways affect the 
catchment hydrology leading to the increase in runoff volume and peak and 
reduction in time of concentration. The increase in anthropogenic activities within an 
urbanised area leads to the generation of high amounts of pollutants. These 
pollutants are washed-off to the receiving waters during rainfall events resulting in 
water quality degradation. (Goonetilleke and Thomas 2004). 
Appropriate measures are required in order to mitigate the adverse impacts of 
stormwater pollution. In designing effective stormwater quality treatment systems, 
an in-depth knowledge of the processes which are responsible for the accumulation 
and transport of various pollutants in the urban environment is important. 
Particularly, knowledge on first flush phenomena, which refers to the transport a 
high fraction of pollutants at the initial part of a runoff event, is critical.  
Knowledge of first flush behaviour is critical since most treatment structures are 
designed to accommodate the initial portion of runoff events (Deng et al. 2005). This 
is based on the assumption of the occurrence of first flush. However, knowledge on 
first flush is not very conclusive. A range of studies have focused on understanding 
and defining first flush (For example: Betrand-Krawjeski 1998; Geiger 1987; Gupta 
and Saul 1996; Deletic 1998; Stahre and Urbonas 1990; Taebi and Droste 2004; Li-
Qing et al. 2007; Huang et al. 2012). However, these studies have evaluated the first 
flush indicators using lumped characteristics such as rainfall depth, average rainfall 
intensity and rainfall duration, leading to inconsistent findings. Furthermore, the 
analytical approach used in these studies is the utilisation of a single indicator to 
represent first flush behaviour, restricting the representation of multi-faceted 
influences of rainfall and catchment variables. Additionally, the first flush definition 
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used in the analysis is varied, which may also explain the reason for the 
inconsistency.  
1.2 RESEARCH PROBLEM 
A number of studies have been conducted to determine the influence of rainfall and 
catchment characteristics on first flush (Taebi and Droste 2004; Li-Qing et al 2007; 
Lee et al. 2002; Bertrand-Krawjeski et al. 1998; Huang et al. 2012). However, based 
on the current state of knowledge, there is no consensus regarding the influential 
parameters due to inconsistent findings. For example, Taebi and Droste (2004) found 
that first flush is influenced by event based rainfall parameters such rainfall depth, 
rainfall duration and maximum rainfall intensity while Li-Qing et al. (2007) noted 
that first flush has no correlation to many of the rainfall parameters. 
Incomplete understanding of first flush is also related to the selection of first flush 
indicators. For example, Taebi and Droste (2004) adopted percentage of pollutant 
load washed-off at 20% of the runoff volume as the first flush indicator, while Li-
Qing et al. (2007) used 30% of the runoff volume as the threshold in their study. 
Such study specific selection of indicators has contributed to the uncertainty. The 
outcomes of a number of  studies are also questionable due to the analysis of first 
flush based on specific runoff volume with event based rainfall parameters (for 
example average rainfall intensity, rainfall duration, total rainfall depth).  
The first flush phenomenon is also influenced by catchment characteristics. 
However, according to past studies (such as Bertrand-Krawjeski et al. 1998; Li-Qing 
et al. 2007) the evaluation has been based on the typical catchment characteristics 
such as the catchment size, slope and percentage of the impervious area. 
Furthermore, there is no consensus regarding the role of the catchment size and the 
slope of the catchment in influencing the first flush behaviour due to inconsistent 
findings. The above discussion points to the need for the careful selection of first 
flush indicators relating to rainfall and catchment parameters for comprehensive 
investigation of first flush behaviour. However, such comprehensive analysis is 
difficult to find. This has constrained the design of effective stormwater pollution 
mitigation strategies. 
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1.3 AIMS AND OBJECTIVES 
The aims of this study were;  
 To verify  the existence of first flush and to develop a robust 
classification system for  first flush; 
 To identify appropriate indicators based on rainfall and pollutant 
characteristics to describe first flush behaviour; 
 To determine how first flush behaviour varies with rainfall and 
catchment characteristics. 
 
The primary objective of this study was to generate fundamental knowledge on the 
influence of rainfall and catchment characteristics on first flush of key stormwater 
pollutants in order to enhance the design of urban stormwater treatment systems. 
 
1.4 RESEARCH HYPOTHESES 
The research was conducted based on the following hypotheses; 
 First flush behaviour varies with rainfall characteristics with rainfall 
intensity playing an important role. 
 First flush behaviour varies with catchment characteristics based on 
the combination of the location of pollutant sources, spatial 
distribution of pervious and impervious surfaces, drainage network 
layout and the slope of the catchment. 
 First flush behaviour varies with the pollutant characteristics such as 
whether pollutants are in particulate or dissolved form.  
 
1.5 JUSTIFICATION FOR THE RESEARCH 
Urbanisation is a common phenomenon all over the world leading to the generation 
of a range of pollutants. As a result, the quality of stormwater runoff is adversely 
affected and will continue to do so into the future. The current approach to protect 
the receiving waters from being degraded is to reduce pollutant loads at their source 
of origin. This forms the key principle of Water Sensitive Urban Design (WSUD) 
which is the key strategy adopted for mitigating urban stormwater pollution. WSUD 
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is mandatory for all new development areas in Southeast Queensland in order to 
protect the quality of the receiving water.  
In order to design an effective stormwater treatment facility, it is essential to have an 
in-depth understanding of the first flush behaviour. As first flush is the phenomenon 
where a high pollutant load is transported at the early part of a rainfall event, the 
treatment system can be designed to treat the most polluted part of the runoff volume 
and release the remainder without treatment. This has implications for optimising the 
size of the treatment structure and for  reducing costs.  
However, there is a lack of knowledge for tangibly defining and determining the 
existence of first flush during a rainfall event. This is due to various definitions 
provided by past researchers, some of which are arbitrary. Therefore, there is a need 
to develop a robust method for defining first flush. 
In addition, WSUD systems are commonly designed to mitigate impacts of 
stormwater runoff from small catchments. Therefore, there is a need to understand 
how first flush responds to local rainfall and catchment characteristics. The 
knowledge created by this study will contribute to the design of effective urban 
stormwater treatment systems. 
 
1.6 SCOPE OF THE RESEARCH 
 The study focused on first flush behaviour of stormwater runoff from 
urban residential catchments at the  Gold Coast of Australia. Residential 
catchments can contribute a significant amount of pollutants to stormwater 
runoff, particularly suspended solids and nutrients. Additionally, WSUD is 
relatively more common in residential areas. The knowledge developed on 
how the first flush phenomenon is influenced by the rainfall and catchment 
characteristics is also applicable to other areas. 
 The research focused on three primary pollutants commonly found in 
stormwater runoff from residential catchments, namely, total suspended solids, 
total nitrogen, and total phosphorus. Heavy metals, hydrocarbons and 
microbiological parameters were not investigated as they are not critical in a 
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residential catchment compared to commercial and industrial areas.  
 
1.7 STRUCTURE OF THE THESIS 
This thesis contains eight chapters. Chapter 1 is the introduction to the thesis. 
Chapter 2 provides a critical review of research literature. It identifies the key 
knowledge gaps. The research design and methodology for the research study is 
explained in Chapter 3. Chapter 4 describes the research study area and how the data 
was collected. Chapters 5, 6 and 7 are the analytical chapters. The methodology 
adopted in order to derive the first flush indicators and rainfall parameters are 
explained in Chapter 5. The initial data analysis relating to first flush occurrence is 
also included in Chapter 5. Chapter 6 discusses the influence of rainfall 
characteristics on first flush. In addition, the existence of first flush was also 
determined based on multivariate analysis and the classification of first flush 
behaviour. Chapter 7 discusses the analysis into the influence of catchment 
characteristics on first flush. Chapter 8 provides the conclusions and 
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Chapter 2: Urbanisation Impacts on 
Stormwater 
2.1 INTRODUCTION 
Urbanisation is a common phenomenon witnessed all over the world. Urbanisation 
relates to the movement of people from rural areas to the cities in order to improve 
their quality of life. The increasing urban population requires more areas to be 
developed into human settlements. This in turn modifies rural areas from previously 
pervious into impervious surfaces. The urbanisation process significantly impacts  on 
water quantity and water quality . 
More frequent flooding is one of the common problems that arises due to changes in 
hydrology due to urbanisation. The increased quantity of stormwater generated and 
the increased anthropogenic activities on impervious surfaces result in the 
deterioration of water quality. Water quality degradation not only affects people, but 
also affects the fauna and flora. In order to mitigate the impacts of urbanisation on 
water quality, various treatment strategies are implemented. However, an in-depth 
understanding of pollutant characteristics, processes and factors that influence 
treatment is essential for designing efficient stormwater treatment strategies.  
This chapter is a critical review of research literature relating to the impact of 
urbanisation on water quantity and water quality, the sources and type of pollutants, 
important pollutant processes such as build-up and wash-off, and the first flush 
phenomenon. Detailed discussion on first flush definitions and the influential 
parameters which influence first flush are also included. Additionally, the guiding 
concepts and the application of first flush concept to stormwater treatment are also 
discussed. 
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2.2 IMPACTS OF URBANISATION 
2.3 HYDROLOGIC IMPACT  
The urbanisation process significantly affects catchment hydrology due to two 
physical modifications to a catchment. Firstly, the fraction of impervious area 
increases due to the alteration of the catchment surfaces from pervious to impervious 
surfaces such as parking lots, roads, and roofs. Secondly, the modification of the 
natural drainage system to an artificial drainage system introduces uniform slopes, 
reduces roughness and creates flow channels with increased hydraulic conveyance 
efficiency (Gurnell et al. 2007; Walsh 2000). The combination of these 
modifications affects the runoff hydrograph as listed below and illustrated in Figure 
2.1:  
 
 Increased peak discharge and total discharge; 
 Reduced time of concentration; 
 Reduced runoff travel time; 
 Reduced groundwater recharge; 
 Increased frequency of bankfull and overbank floods; and  
 Increased flow velocity.  
(Walsh 2000; Wong et al. 2000).  
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Figure 2.1: Impact of urbanisation on catchment hydrology (adapted from 
Kibler, 1982) 
 
In a rural area, a significant fraction of the rainfall will infiltrate into the subsurface 
and the excess runoff will flow into the receiving water after the surface storage 
capacity is replenished. The stormwater that is stored will be slowly released over a 
period of days or months to the receiving waters after a storm event (Booth 1991). 
However, this process is disrupted in an urban catchment. The volume of water that 
will infiltrate into the subsurface is reduced with the increasing fraction of 
impervious surface area and more runoff volume is generated (Barron et al. 2011; 
Franezyk and Chang 2009; Zoppou 2001). According to Franezyk and Chang 
(2009), for the urban catchment area where they undertook a modelling study, there 
was a runoff volume increase of 2.3% to 2.5% due to 8% to 15% increase in the land 
use transformation into urbanised area.  
Barron et al. (2009) found that land use transformation to residential, commercial 
and industrial increased the total runoff volume up to 25%. This in turn, reduced the 
base flow level of the stream due to decreased infiltration (Kauffman et al. 2009). 
Figure 2.2 illustrates the impact of increasing the impervious surface area on the 
infiltration process and runoff generated from rainfall. As evident in Figure 2.2, 
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increasing the impervious surface by 35 - 50% reduces the total infiltration to 35% 




Figure 2.2: Relationship between the percentage of impervious area and 
infiltration and runoff (adapted from United States Environmental Protection 
Agency, 1983) 
 
The time of concentration is also influenced by the urbanisation process. A 
comparison study by Schueler (1994) of a 1 acre plot containing 100% impervious 
surface (parking lot) and a meadow containing 1% impervious surface found that the 
time of concentration in the parking lot was only 4 minutes compared to 14.4 
minutes for the meadow. This was due to the relatively large impervious surface, 
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uniform slope and reduced roughness which accelerates runoff velocity in the 
parking lot. As evident in Table 2.1, according to the data provided by Schueler 
(1994), the runoff velocity increases significantly from 0.55 m/s to 2.44 m/s. Table 
2.1 provides a comparison of hydrologic parameters for the meadow and the parking 
lot.  
Table 2.1: Comparison of the hydrologic response of impervious and pervious 
areas (adapted from Schueler, 1994) 
Parameters Parking Lot Meadow 
Time of concentration (minutes) 
Peak discharge (m
3
/s), 2 yr. 24 hr. storm 
Peak discharge (m
3
/s ), 100 yr. storm 
Runoff volume from 24.5 mm storm (m
3
) 












Parking lot is 100% impervious with 3% slope, 60.96m flow length, Type 2 storm, 
2 yr. 24 hr. storm = 78.74mm, 100 yr storm = 226.06mm, hydraulic radius = 0.3, 
concrete channel and suburban Washington ‘C’ values.  
Meadow is 1% impervious with 3% slope, 60.96m flow length, good vegetative 
condition, B soils and earthen channel. 
 
 
The increase in the runoff velocity and the reduction in the time of concentration will 
affect the peak discharge (Hall and Ellis 1985; Schueler 1994). Schueler (1994) in 
comparing the peak discharge in the meadow and parking lot observed that the 
parking lot generated a peak discharge of 0.12 m
3
/s which was 11 time higher than 
the peak discharge volume in the meadow. As illustrated in Figure 2.1, there is a 
significant increase in peak discharge observed after urbanisation in comparison to 
the non-urbanised catchment. 
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Figure 2.3 provides a comparison of peak discharge for varying percentages of 
impervious area for an urban catchment (Wong et al. 2000). A major impact of 
increased peak discharge in an urban catchment is that it may cause flooding at the 
downstream of the urban area. The extent of the increase in peak discharge is not 
only due to the impervious surface fraction. It is also influenced by other factors 
such as the area of the catchment, the distribution of impervious areas, the amount of 
excess rainfall and rainfall duration (Rao and Delleur 1974).  
 
Figure 2.3: Peak discharge relationships for different degrees of urbanisation 
(adapted from Wong et al. 2000) 
 
2.4 WATER QUALITY IMPACTS  
Urbanisation not only affects catchment hydrology, but also impacts on the quality 
of stormwater and receiving water. Transformation of the catchment land use to 
residential, commercial and industrial areas increases the anthropogenic activities on 
the catchment surface such as traffic related activities, construction, industrial 
production and commerce (Wong et al. 2000). Various pollutants are introduced 
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such as solids, nutrients, heavy metals, hydrocarbons and organic pollutants and 
these pollutants are washed-off during a rainfall event and transported to the 
receiving water by stormwater runoff (Gnecco et al. 2005). The changes to drainage 
channels accelerates the transportation of pollutants to the receiving water due to 
increased hydraulic conveyance efficiency (Walker and Wong 1999). As a result, the 
physical, chemical and biological characteristics of the stormwater and receiving 
water are invariably altered (Gnecco et al. 2005; Ren et al. 2008).   
The role of urbanisation on water quality degradation has been clearly demonstrated 
by various research studies over the years. For example, an investigation undertaken 
in Beijing, China on chemical oxygen demand (COD), 5-day biochemical oxygen 
demand (BOD5), total nitrogen (TN) and total phosphorus (TP) in stormwater runoff 
from roads, roofs and lawns was found to significantly exceed the National Standard 
for Surface Water Quality limits, due to urbanisation (Ren et al. 2008). Sonzogni et 
al. (1980) in their study found that the suspended solids and nutrients loads were 10 
to 100 times greater in the urbanised area compared to the forested area they 
investigated. 
Increased impervious surface in an urban area is generally cited as the cause of water 
quality degradation (Dwyer and Miller 1999; Ren et al. 2008). There are numerous 
studies which have investigated the relationship between water quality degradation 
and the fraction of impervious cover (Conway 2007; Schueler 1994; Weber and 
Bannerman 2004; Xian et al. 2007). Research studies undertaken by Schueler (1994) 
and Arnold and Gibbons (1996) have noted that the receiving water begins to be 
impacted when the percentage of impervious surface is between 10% and 30% and is 
significantly degraded once the impervious area reaches 30% of the total area. An 
investigation of three urbanising coastal areas in New Jersey, USA, revealed that 
coastal water was very sensitive to urbanisation as an impervious fraction as low as 
2% may cause great harm to the quality of water (Conway 2007). However, it is 
important to note that water quality degradation is not only due to the high 
percentage of impervious surface, but is also influenced by rainfall characteristics, 
type of land use and the anthropogenic activities occurring on the catchment 
(Goonetilleke et al. 2009; Kim et al. 2007; Line et al. 2002; Liu et al. 2012).  
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According to Hengren et al. (2005) and Miguntanna (2009), commercial land use 
was observed to produce high total solids loads in comparison to the residential and 
industrial land use. This was attributed by the high traffic volume and various 
anthropogenic activities taking place in the commercial area. Line et al. (2002) 
revealed that the export of total nitrogen was the highest in construction sites, 
followed by residential sites and golf courses. They further noted that sediment from 
a construction site during the earthworks phase can be as high as 10 times when 
compared to other areas. This illustrates the role of land use and associated activities 
in exporting different types of pollutants with stormwater runoff.  
Residential areas can also be a significant source of pollutants to the receiving water 
(Fulcher 1994; Gnecco et al. 2005). An investigation on road runoff from a 
residential catchment in Genoa, Italy, with 75% impervious surface found that the 
concentration of total suspended solids and chemical oxygen demand exceeded 
European water quality standards for urban wastewater treatment plant discharge 
(Gnecco et al. 2005). Gnecco et al. (2005) also found that the roof runoff from the 
residential area contained heavy metals. Fulcher (1994) noted that the mean 
concentration of suspended solids and biochemical oxygen demand in residential 
runoff increases with increasing rainfall depth.  
 
2.5 POLLUTANT SOURCES IN URBAN CATCHMENTS 
Urban stormwater runoff plays an important role in transporting non point sources of 
pollutants to urban receiving waters. During a rainfall event, pollutants in the 
atmosphere and on the catchment surface are washed-off and transported to the 
nearest receiving water body by stormwater runoff (Gnecco et al. 2005; Mangani et 
al. 2004). According to research literature, the pollutants are generated from three 
major source areas: 
 Road surfaces;  
 Roof surfaces; and  
 Gardens, lawns and other pervious areas. 
(Bannerman et al. 1993; Shaver et al. 2007) 
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2.5.1 Road Surfaces 
Road surfaces have been identified as the source of most pollutants in urban 
stormwater runoff (Bannerman et al. 1993; Sartor et al. 1974; Shaver et al. 2007). 
Suspended solids, heavy metals, and hydrocarbons are pollutants that commonly 
found in road runoff (Asplund et al. 1982; Mangani et al. 2004). These pollutants 
primarily originate from traffic related activities where pollutants are either directly 
deposited on the road surface or deposited via atmospheric wet and dry deposition. 
However, soil inputs due to the erosion of pervious surfaces also contribute 
pollutants to the road runoff. According to research literature, pollutants on road 
surfaces are generated from: 
 Tyre and brake lining degradation; 
 Vehicle exhaust emissions; 
 Vehicle lubrication oil leaks; 
 Road surface degradation; 
 Industrial emissions; and 
 Transported Soils. 
(Ball et al. 1991; Mangani et al. 2004). 
Heavy metals and hydrocarbons are two toxic pollutants primarily generated by 
traffic-related activities (Asplund et al. 1982; Ball et al. 1998; Tsihrintzis and Hamid 
1997; Van Metre et al. 2000). As noted by Tsihrintzis and Hamid (1997), the 
concentration of heavy metals in road runoff can be one to two orders of magnitude 
greater than in sanitary sewage. The abrasion of tyres, automotive components wear 
and brake linings of vehicles are the source of zinc, cadmium, nickel, chromium, 
lead, aluminium, copper and manganese in road runoff (Ball et al. 1991). Vehicle 
exhaust also contributes toxic pollutants to the road runoff. Carbon monoxide, 
nitrogen oxides and hydrocarbons are released from vehicle exhaust into the 
atmosphere before being scrubbed by rainfall and becoming part of the runoff (Ball 
et al. 1991). A study conducted in the Gold Coast revealed that traffic exhaust 
emissions were the main source of gas phase polycyclic aromatic hydrocarbon 
(PAH), while the combination of traffic exhaust emissions and the land use related 
emissions produced particulate bound loads in the atmosphere (Gunawardena 2012).  
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Road surface degradation also plays an important role in the accumulation of 
pollutants on the road surface. As pointed by Mangani et al. (2004), the road surface 
itself can be the source of pollutants. This is because the bitumen binders used in 
asphalt roads contain hydrocarbons and trace metals such as vanadium, iron, nickel, 
magnesium, and calcium (Mangani et al. 2004). These pollutants will be released to 
the environment due to surface degradation. In addition to this, pollutants from the 
atmosphere and released from vehicular activities will also settle and accumulate on 
the road surface. The characteristics of the road will influence the accumulation of 
pollutants on the surface. Sartor and Boyd (1972) in their study found that the 
pollutants loading on asphalt surfaces were 80% higher when compared with 
concrete surfaces. This was attributed to the rough texture of the asphalt surface 
which allows the pollutants to settle and accumulate within the pores. Sartor and 
Boyd (1972) also concluded that the pollutants loading was 2.5 times higher on a 
road in fair to poor condition compared to a road in good to excellent condition. 
Pollutants accumulating in the atmosphere and eventually depositing on road 
surfaces also contribute to the degradation of urban stormwater quality (Randall et 
al. 1978). These include wind eroded materials such as wind-blown soils, organic 
debris, pollen and microorganisms, nutrients, heavy metals, hydrocarbons and 
suspended solids (Brinkmann 1985; Walsh 2000). Solids are among the most 
commonly found pollutant in road runoff. Solids may originate from various sources 
such as the soil erosion or wind-blown solids from adjacent land uses, debris and 
also from pavement wear created by vehicles (Asplund et al. 1982).  
The deposition rates of pollutants vary with the land use such as industrial, 
commercial and residential (Novotny and Chesters 1981). As pointed by Sartor and 
Boyd (1974), the accumulation of pollutants is highest in industrial areas compared 
to commercial and residential areas due to the nature of the industrial processes in 
the area. Traffic volume and the condition of the road surface are primary parameters 
that influence the generation and accumulation of pollutants on the road surface. 
High traffic volume is expected to generate a high amount of pollutants (Asplund et 
al., 1982). However, Driscoll et al. (1990) noted that only specific pollutants are 
generally correlated with the traffic volume. This is attributed to complex 
interactions between pollutants and other influential factors. 
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2.5.2 Roof Surfaces 
Roof surfaces also play important role in water quality degradation though not as 
significantly as road surfaces (Bannerman et al. 1993). Same as road surfaces, roof 
surfaces also act as the pathway of pollutant transport between the sources 
(atmosphere) and the receptors (such as urban stormwater runoff and receiving 
water) (Davies et al. 2001; Forster 1999). Additionally, roof surfaces can also be the 
source of pollutants to stormwater runoff, particularly heavy metals due to leaching 
and disintegration of roofing material (Van Metre and Mahler 2003). Zinc, copper, 
lead and cadmium are the most common heavy metals found in roof runoff 
(Bannerman et al. 1993; Forster 1999; Rocher et al. 2004). 
The durability and type of roofing material used influence the characteristics of 
heavy metals in roof runoff. For example, Davies et al. (2001) found that the 
concentration of zinc was the highest from galvanised roof runoff in comparison to 
slate tile and rubber as zinc is easily corroded. Roof components can also contribute 
to high heavy metal loads in roof runoff. For example, a study on roof runoff quality 
in Genoa, Italy found that zinc gutters contributed a high zinc concentration to roof 
runoff (Gnecco et al. 2005). 
The pollutant deposition rate on roofs and the type of pollutants are influenced by the 
surrounding land use activities, traffic and climate conditions at the site. Higher 
pollutant loads will be deposited on roof surfaces in an industrial area compared to a 
commercial or residential area, although a residential area may have a significant 
fraction of roof surfaces. This can be attributed to higher pollution generation 
activities which occur in an industrial area (Van Metre and Mahler 2003). As 
revealed by Bannerman et al. (1993), roof surfaces located in industrial areas were 
found to contribute 2 to 20 times higher zinc concentration compared to residential 
and commercial areas. A study by Van Metre and Mahler (2003) also observed that 
the concentration of cadmium, chromium and copper were high in roof runoff in 
areas located near to a highway which was attributed to the high traffic density. 
Additionally, the climatic conditions (such as the season, wind direction and speed) 
and roof factors (such as roof age, slope) are also found to be factors which 
contribute to pollutant loading and deposition rate on a roof surface (Polkowska and 
Namiesnik 2008; Van Metre and Mahler 2003).  
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2.5.3 Pervious Surfaces 
Pervious surfaces such as gardens, lawns and landscaped areas also contribute 
pollutants and thereby play a role in the deterioration of urban stormwater runoff 
quality. Research literature has identified gardens and lawns in residential areas as 
the primary source of suspended solids and nutrients due to the application of 
fertilisers and erosion by stormwater runoff. Bannerman et al. (1993) found that the 
concentration of total phosphorus (TP) from lawn runoff was about 2 to 18 times 
higher in comparison to runoff originating from the other parts of residential areas. 
Grass, leaves and other plant materials were also identified as contributing high 
nutrient loads.  
Earthwork activities during construction work can also contribute a significant 
quantity of suspended solids to runoff compared to pre and post construction 
activities (Ooshaksaraie et al. 2009). During earthworks, most of the soil cover is 
removed. Therefore, the soil is exposed to rainfall and other climatic conditions 
which enhance soil erosion. Other pollutants generated from construction activities 
are construction materials such as brick debris, cement particles, nutrients and oil 
and grease (DOE 1995).  
 
2.6 PRIMARY URBAN STORMWATER POLLUTANTS 
Urban stormwater quality has become a major concern to regulatory authorities as it 
can degrade receiving water quality. Therefore, it is important to identify the 
common pollutants in urban stormwater and their role in water quality degradation.  
The primary pollutants in urban stormwater runoff include:  
 Suspended solids; 
 Nutrients; 
 Organic carbon; 
 Heavy metals; 
 Hydrocarbons; and  
 Gross pollutants. 
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  (Adams and Papa 2000) 
Suspended solids and nutrients are the focus of this research study as these pollutants 
are the common pollutants found in residential catchments. Furthermore, these 
pollutants are also the main pollutants targeted by the Water Sensitive Urban Design 
(WSUD) measures. The following discussion provides a detailed overview of each 
of the primary water pollutants. 
 
2.6.1 Suspended Solids 
Suspended solids are the most common pollutants found in urban stormwater runoff 
which can originate from several sources. In urban areas, impervious surfaces such 
as roads, parking lots, lawns and landscaped areas are source areas of suspended 
solids. Exhaust emissions, soil and organic matter transported from adjacent land, 
atmospheric deposition and also wearing of the road surfaces can also be sources of 
suspended solids (CWP 2003).  
 
Exposed soil has also been identified as a source of suspended solids in runoff, 
particularly during construction activities. During construction works, the removal of 
vegetation on pervious surfaces will expose the soil to climate factors. Consequently, 
the eroded soil will be transported to the receiving water by stormwater runoff. In 
terms of quantity, construction sites could contribute large amounts of suspended 
solids to runoff if erosion and sediment control practices are not properly 
implemented (Shaver et al. 2007; Wong et al. 2000). Leopold (1968) revealed that 
the concentration of suspended solids in uncontrolled construction sites could be 150 
times higher in comparison to an undeveloped area. 
Suspended solids alter the visual appearance of the water body due to the increase in 
water turbidity. This reduces light penetration, increases the surface temperature of 
the water bodies and reduces the depth of reservoirs, rivers and lakes due to 
sedimentation. As a result, aquatic fauna and flora in the receiving waters are 
affected (Bilotta and Brazier 2008).  
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However, the main concern in relation to suspended solids in urban stormwater 
runoff is the chemical impact, as heavy metals, hydrocarbons and nutrients tend to 
adsorb to particulate surfaces (Ball et al. 2000; Dong et al. 1983; Hengren et al. 
2005). These pollutants are often associated with the smallest fraction of suspended 
solids particles (Dong et al. 1983; Viklander 1998) This is because fine particles 
have a relatively large surface area per unit mass compared to coarse particles, 
therefore, can adsorb more pollutants compared to large particles (Beckwith et al. 
1984; Dong et al. 1983).  
According to Ujevic et al. (2000), the finest solids particles contained the highest 
concentration of Cr and Pb. Furthermore, the concentration of heavy metals increase 
with decreasing particle size (Liesben 2001; Ujevic et al. 2000). Hengren et al. 
(2005) found that Pb, Fe, Al and Cu were strongly correlated to TSS in industrial 
areas. They studied the relationship between heavy metals and suspended solids in 
urban stormwater using a rainfall simulator. The investigation also identified that Pb, 
Fe, Al and Cu were primarily associated with particulates in the size range of 0.45 -
75µm which accounted for 85% of the particulates collected from the road surface 
(Hengren. et al. 2006). Investigation of the road surfaces in three different land uses 
in the Gold Coast by Mahbub et al. (2010) revealed that Ni, Cu, Pb, CD, Cr and Zn 
were associated with solids less than 1µm size. 
Similar to heavy metals, nutrients are also found to be adsorbed to fine particles. 
Vaze and Chiew (2002) revealed that more than 75% of total nitrogen and total 
phosphorus were attached to particles size smaller than 300µm although half of the 
particles in the samples collected were coarser than 300µm. An investigation into 
pollutant build-up on road surfaces in residential, commercial and industrial areas by 
Miguntanna et al. (2010) found that the highest nitrogen and phosphorus loads were 
attached to fine particle size <150 µm irrespective of the land use. 
These research findings hold several important implications for stormwater quality 
mitigation. Suspended solids could be adopted as the surrogate for other pollutants 
and most of the pollutants in urban stormwater runoff could be treated by treating 
suspended solids (Miguntanna et al. 2010). In addition to this, fine particles in runoff 
is the main concern in treating stormwater, as these particles are the most polluted 
and contribute the highest fraction of particles found in urban stormwater runoff. 
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Therefore, fine particles should be the targeted particle fraction in treating urban 
stormwater runoff.  
Furthermore, the impact of fine particles on stormwater quality and receiving water 
is relatively severe as fine particles will remain in suspension for a longer period of 
time and therefore, can be transported a greater distance by stormwater runoff 
(Deletic et al. 1997). Unlike fine particles, coarse particles can be quickly removed 
from urban stormwater runoff by sedimentation (Dong et al. 1983). Andral et al. 
(1999) revealed that solids particles larger than 100 µm are easily separated by 
simple settling, unlike particles smaller than 100 µm which can remain suspended in 
runoff. Therefore, the size of particles is important in treating the urban stormwater 
runoff, particularly if the mitigation devices adopt a sedimentation approach to 
remove pollutants (Kang 2005). This has implication for the size of the 
sedimentation pond as it should take into account the time for the fine particles to 
settle.   
 
2.6.2 Nutrients 
Nutrients such as nitrogen and phosphorus are commonly found in urban stormwater 
runoff. Nutrients are essential for the growth of living organisms. However, 
excessive nutrient levels in stormwater runoff will have negative impacts on the 
receiving waters. The significant impact of excessive nutrients is that it stimulates 
algal growth in the receiving water bodies which reduces the level of dissolved 
oxygen. This creates unpleasant odours, kills aquatic plants and animals and also 
leads to the loss of contact recreational usage (Shaver et al. 2007). Therefore, it is 
important to ensure that the level of nutrients in the runoff does not exceed the 
stipulated limit.  
The sources of nutrients in urban stormwater runoff include fertilisers, detergents, 
animal waste, septic tank leakages and industrial discharges (Chiew et al. 1997; 
Wong et al. 2000). The application of fertilisers in residential lawns and turf areas 
such as golf courses, fields and parks have been identified as the major source areas 
of nutrients in urbanised areas (CWP 2003).  
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Huang et al. (2012) investigated lawn runoff from an urbanised area in South East 
China and noted high concentrations of TP, NH3-N and NO3+2-N. This was due to 
high application of fertiliser. As revealed by Bannerman et al. (1999), the 
concentrations of phosphorus in lawn runoff were 2 to 18 times higher in comparison 
to the other residential source areas. A study by Garn (2002) developed a 
relationship between phosphorus concentration in lawn runoff and lawn soils with 
the concentration of phosphorus in lawn runoff being directly related to the 
phosphorus concentration in the lawn soil. 
Nutrients are transported by urban stormwater runoff in particulate and dissolved 
forms. Phosphorus transported by urban stormwater is mainly in particulate form 
whilst nitrogen is primarily transported in dissolved form (Quinton et al. 2001; 
Wong et al. 2000; Zhao et al. 2007). Uusitalo et al. (2000) revealed that the TP 
concentration was strongly correlated with TSS. Unlike dissolved phosphorus (DP), 
particulate phosphorus (PP) has a strong correlation with TSS (Uusitalo et al. 2000). 
An investigation into the nitrogen composition in urban stormwater runoff in 
Melbourne identified that about 80% of the nitrogen is in dissolved form (Taylor et 
al. 2005). 
  
2.6.3 Organic Carbon 
Organic carbon is another common pollutant found in urban stormwater runoff. The 
major impact of organic carbon is the depletion of oxygen in water bodies. This is 
due to the decomposition by microorganisms of organic materials originating from 
street litter, animal waste and vegetation. The lack of oxygen will affect aquatic life 
that use dissolved oxygen for their metabolism. Furthermore, it will create 
undesirable odours and decrease the recreational value of the receiving water.  
Street surfaces have been identified as the major contributor of organic matter in 
stormwater runoff (Gromaire-Mertz et al. 1999; Sartor and Boyd 1972). According 
to Gromaire-Mertz et al. (1994), 60% of the street runoff samples collected as part of 
their study exceeded the discharge quality from a wastewater treatment plant in 
relation to the chemical oxygen demand. As noted by Sartor and Boyd (1972), the 
loading of organic matter can vary due to land use, urban area characteristics, 
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antecedent dry days and street sweeping activity. Sartor and Boyd (1972) also found 
that the accumulation of organic material on street surfaces was much faster 
compared to inorganic material and they concluded that leaves and litter are 
dominant over sand and dust like material. Miguntanna (2009) found that the organic 
carbon load on road surfaces in a residential area was higher in comparison to the 
nutrient load. This was attributed to the presence of vegetation in the surrounding 
area of the road surface (Miguntanna 2009). 
Total organic carbon is commonly adopted as the indicator of organic matter in a 
water body. However, in terms of severity, the impact of dissolved organic carbon is 
more significant in comparison to total organic carbon (Goonetilleke et al. 2005). 
Dissolved organic carbon (DOC) refers to organic matter less than 0.45 μm. DOC 
plays an important role in the transport and bioavailability of heavy metals through 
complexation reactions (Park and Baker 1997). DOC also plays a dominant role in 
heavy metal distribution irrespective of land use (Hengren et al. 2010).  
Past research has also found that DOC has a strong relationship with suspended 
solids especially with fine particles. Roger et al. (1998) noted that lead and zinc are 
mostly found in the finest sediment containing clay and organic matter. Furthermore, 
DOC adsorbed to suspended solids increases the sorption capacity for certain heavy 
metals such as lead and zinc (Parks and Baker 1997; Roger et al. 1998). Due to this 
characteristic, DOC and TSS have been suggested as appropriate surrogates of heavy 
metals distribution in urban stormwater runoff (Hengren et al. 2005). This would 
reduce the intensive laboratory analysis required for heavy metal investigations 
(Miguntanna et al. 2010). 
 
2.6.4 Heavy Metals  
Heavy metals are pollutants of concern in urban stormwater due to their toxicity to 
humans and animals (Adams and Papa 2000; Tsihrintzis and Hamid 1997; Wong et 
al. 2000). Unlike other pollutants, heavy metals are non degradable. Therefore, they 
will remain in the receiving water once transported by urban stormwater runoff 
(Davies et al. 2001). The most common heavy metals found in urban stormwater 
runoff are copper (Cu), zinc (Zn), lead (Pb), cadmium (Cd), nickel (Ni), chromium 
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(Cr) and aluminium (Al) (Adams and Papa 2000; Barrett et al. 1995; Tsihrintzis and 
Hamid 1997; Wong et al. 2000). 
Traffic related activities have been identified as the primary contributors of heavy 
metals to urban stormwater runoff (Davies et al. 2001). The sources of copper, 
chromium and nickel are from the wear of plating, bearings, brake linings and other 
moving parts. Lead primarily originates from the use of leaded fuel by vehicles. 
However, the use of unleaded fuel has decreased the presence of lead in urban 
stormwater runoff. Table 2.2 lists the common heavy metals originating from 
vehicles. 
 
Table 2.2: Sources of heavy metals from traffic related activities (adapted from 
Sansalone et al. 1997 
             Source 
Heavy metals 
Brakes Tyres Frame 
 & body 
Fuels & oil 
Cadmium     
Chromium     
Copper     
Iron     
Nickel     
Lead     
Zinc     
 
The corrosion of building materials have also been identified as a source of metals in 
urban stormwater runoff (Davies et al. 2001). Davies et al. (2001) found that runoff 
from building siding can be contaminated with Zn, Pb, Cu and Cd. They further 
noted that the concentrations of Zn were one to two orders of magnitude higher than 
Pb, Cu and Cd, as Zn is easily corroded. 
The presence of heavy metals is also related to the anthropogenic activities occurring 
in an area. Therefore, it is commonly found the concentration of heavy metals in 
industrial and commercial areas are higher compared to residential areas, particularly 
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Cu, Ni, Pb and Zn. In a study undertaken in Houston, Texas, it was found that 
industrial emissions from petroleum refining, petrochemical production and use of 
forestry produce released heavy metals to the atmosphere (Chang et al. 2004). 
Consequently, the concentration of Cu and Zn in the rainwater exceeded the 
stipulated freshwater quality standards (Chang et al. 2004). It is evident that 
petroleum refining and petrochemical factories release heavy metals to the 
atmosphere. However, the function of forestry produce industry in generating heavy 
metals is a concern. According to Chang et al. (2004) and Davies et al. (2001), the 
preservatives used to preserve wood products which contain copper and zinc 
compounds could be the source of heavy metals. 
 
2.6.5 Hydrocarbons 
In general, hydrocarbons are organic compounds containing carbon and hydrogen. 
Hydrocarbons can be classified as saturated hydrocarbons (or alkanes), unsaturated 
hydrocarbons, cycloalkanes and aromatic hydrocarbons. A significant number of 
hydrocarbons are toxic to humans, animals and plants. Therefore, the presence of 
hydrocarbons in stormwater runoff is a great concern. Several polycyclic aromatic 
hydrocarbons or PAHs have been shown to be the basis of tumour formation in 
humans (Wild and Jones 1995). International Agency for Research on Cancer (1993) 
has listed benzofluoranthenes, benzo[a]pyrene, benz[a]anthracene, 
dibenzo[a,h]anthracene and ideno[1,2,3-cd]pyrene as the most carcinogenic PAHs.  
Hydrocarbons can originate from natural or anthropogenic sources (Fam et al. 1987; 
Van Metre et al. 2000). However, the natural sources constitute a minor fraction of 
hydrocarbons in the environment. These include, forest fires and physical and 
chemical changes during sediment transformation to rock and tar pits (Blumer and 
Youngblood 1975; Scholz-Bottcher et al. 2009). Anthropogenic activities such as 
industrial processes, vehicles, heating and power plants are the major contributors of 
hydrocarbons to the environment (Van Metre et al. 2000; Wild and Jones 1995). 
According to a study undertaken by Van Metre et al. (2000), increasing vehicles 
usage had contributed high concentrations of hydrocarbons to sediments in 10 
reservoirs and lakes in the US they investigated. The specific sources of 
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hydrocarbons generated due to vehicles usage are tyre wear, crankcase oil, roadway 
wear and exhaust fumes (Ngabe et al. 2000; Walker and Wong 1999; Walker et al. 
1999). 
 
2.6.6 Gross Pollutants  
Gross pollutants are defined as large pieces of debris flushed through urban 
catchments. There is some debate about the definition of gross pollutants. For 
example, Novotny and Chesters (1987) suggested debris larger than 3.2 mm as gross 
pollutants while Allison et al. (1997) proposed for the purpose of their research gross 
pollutants as any materials larger than 5 mm. Allison et al. (1997) classified gross 
pollutants into two categories; litter and vegetation. A study conducted in Melbourne 
found vegetation such as leaves, twigs and grass clippings comprised the largest 
proportion of gross pollutants in urban stormwater compared to litter (Allison et al. 
1997). They also found that the mass of paper and commercial plastic dominated 
litter composition relative to metals, cigarettes, personal plastic and other materials 
as shown in Figure 2.4.  
Gross pollutants create unpleasant odour and appearance and therefore, reduce the 
aesthetic value of water bodies (Chiew et al. 1997). Furthermore, the hydraulic 
performance of a drainage system would also be affected as gross pollutants can 
block channels (Allison et al. 1998; Mckay and Marshall 1993). Another significant 
impact of gross pollutants in water bodies is the increase in nutrients concentration. 
Vegetation has been commonly found to be the source of nitrogen and phosphorus in 
water bodies (Allison et al. 1997). 
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Figure 2.4: Composition of litter by mass (adapted from Allison et al. 1997) 
 
 
2.7 POLLUTANT BUILD-UP AND WASH-OFF PROCESSES 
2.7.1 Build-up 
In general, pollutant build-up is the accumulation of pollutants on the catchment 
surface during dry periods (Chiew et al. 1997; Vaze and Chiew 2002). Duncan 
(1995) described build-up as the dynamic equilibrium process which describes 
pollutant deposition and removal between contributing and non-contributing areas. 
Build-up process on impervious surfaces is important in water quality research as 
various pollutants are introduced and accumulated on surfaces such as roads and 
roofs which are identified as the primary source areas of pollutants to urban runoff 
(Ball et al. 1998; Bannerman et al. 1993; Sartor et al. 1974). Build-up is a complex 
process and influenced by many parameters such as land use, the length of the 
antecedent dry period, type of surface, traffic volume and street cleaning practices 
(Barrett et al. 1995; Deletic and Orr 2005; Sartor and Boyd 1972). 
The rate and load of pollutant build-up on road surfaces varies with the land use 
(Goonetilleke et al. 2008; Sartor and Boyd 1972). Study by Sartor and Boyd (1972) 
found that pollutant loading was highest in industrial areas compared to residential 
and commercial areas as shown in Figure 2.5. This was due to less street sweeping 
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activities, poor quality of the road surface and more spillage from trucks (Sartor and 
Boyd 1972). For commercial areas, pollutant loading was the lowest due to more 
frequent street sweeping activities.  
 
 
Figure 2.5: Pollutant accumulation rate for different land uses (adapted from 
Sartor and Boyd, 1972) 
 
Study of pollutant build-up at Port Brisbane, Australia also confirmed that land use 
influences the pollutant load (Goonetilleke et al. 2008). Goonetilleke et al. (2008) 
identified that lower concentration of pollutants were observed in the Port of 
Brisbane study area compared to typical urban land uses. This has implications for 
stormwater treatment facility design as the design specifications should be based on 
the pollutant load in order to avoid inefficient design.  
The length of antecedent dry days also play an important role in the build-up process 
(Egodawatta and Goonetilleke 2006; Sartor and Boyd 1972; Tian et al. 2009; Vaze 
and Chiew 2002). The pollutants generated from anthropogenic activities will 
quickly accumulate on impervious surfaces after storm events and increase with the 
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increase in dry days. The accumulation rate is faster at the initial stage of the 
pollutant build-up process before the rate reaches an almost constant value as shown 
in Figure 2.5 (Egodawatta and Goonetilleke 2006; Sartor and Boyd 1972). 
According to Figure 2.5, all the three land uses has similar build-up pattern although 
the rate varies with the land use. 
Egodawatta and Goonetilleke (2006) found that the initial rate of build-up on the 
road surface was 1 to 2g/m
2
/day for one to two days before the rate decreased as the 
antecedent dry days increased. Similarly, Kim et al. (2006) observed a similar trend 
in pollutants build-up. Using a simple linear model, the accumulation rate of 
pollutants was found to decrease to 79%, 78% and 61% after ten days for total 
suspended solids, chemical oxygen demand and oil and grease, respectively (Kim et 
al. 2006).   
However, Li and Barret (2008) have questioned the role of antecedent dry period as 
an influential parameter in pollutant build-up. An unexpected finding was observed 
from one of the two highways they investigated in Texas, USA. The pollutant event 
mean concentration decreased with increasing length of the dry period (Li and 
Barrett 2008). They suspected that build-up occurred when the highway pavement 
was wet, rather than during the dry days. The continuous vehicle movement on the 
highway allowed the pollutants to accumulate on the wet pavement. However, 
during the dry period, the pollutants were transferred to pervious surfaces from the 
pavement surface due to natural and vehicle induced wind as the highway was 
constructed without kerbs (Li and Barrett 2008). 
In addition to the length of antecedent dry days, street sweeping is also considered as 
an influential factor in the pollutant build-up process (Yamada et al. 1993). Although 
the main objective of street sweeping is to remove pollutants on an impervious 
surface, it may inadvertently increase the amount of pollutants available for removal 
by stormwater runoff. A study conducted by Vaze and Chiew (2002) observed that 
street sweeping increased the amount of ‘free load’ on the road surface (Vaze and 
Chiew 2002). This is attributed to street sweeper actions which releases the fine 
material from the ‘fixed load’, but does not have enough suction to remove the 
particulates. Vaze and Chiew (2002) classified the collected pollutants on the road 
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surface using a vacuum system as the free load while fixed load was the pollutants 
collected using a brush and vacuum system.  
Texture and quality of the road surfaces also play an important role in the build-up 
process (Sartor and Boyd 1972). More pollutants will be trapped in the rough texture 
and cracks compared to a smooth surface. As pointed by Sartor and Boyd (1972), a 
higher pollutant load was observed on asphalt surfaces compared to concrete 
surfaces. This was attributed to the rougher surface texture of the asphalt compared 
to the concrete surfaces. The quality of the surface also influences the pollutant 
loadings. As noted by Sartor and Boyd (1974) from their study, the pollutant loading 
was 2.5 times higher on streets with fair-to-poor condition compared to streets in 
good-to-excellent condition (Sartor and Boyd 1972). 
Roof surfaces have also been identified as a primary pollutant source area. 
Knowledge regarding the pollutant build-up process on roof surfaces is important as 
roofs constitute a significant fraction of the impervious surfaces compared to road 
surfaces especially in a residential catchment. However, information regarding 
pollutant build-up on roof surfaces is limited. In general, the pollutant build-up 
process on a roof surface is similar to a road surface, although pollutant load and 
build-up rates are different (Egodawatta et al. 2009). According to Egodawatta et al. 
(2009), the rate of accumulation of particulate matter on roof surfaces is faster at the 
initial stage and remains constant after about seven days of dry weather. In terms of 
the load, the amount of particulate matter collected on the roofs is significantly lower 
and much finer compared to road surfaces (Egodawatta et al. 2009). This is due to 
particulates on roof surfaces mainly originating from atmospheric deposition. 
 
2.7.2 Wash-off 
Wash-off is the process where accumulated pollutants are removed from impervious 
surfaces by rainfall and runoff (Duncan 1995). It is also described as the process of 
erosion or dissolution of constituents from a catchment during runoff events (Adams 
and Papa 2000). As explained by Bujon et al. (1992), the wash-off process involves 
two processes. Firstly, the pollutants on the impervious surface will be eroded and 
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loosened due to rain drop impact and then the pollutants transported to the receiving 
water by stormwater runoff (Bujon et al. 1992; Egodawatta and Goonetilleke 2008). 
Therefore, rainfall and runoff are two important parameters that influence the wash-
off process. 
Pollutant wash-off from impervious surfaces vary with rainfall and runoff 
characteristics (Deletic et al. 1997). Many researchers have investigated the 
influence of rainfall and runoff characteristics on the wash-off process. For example, 
wash-off was found to vary with the runoff volume (Characklis et al. 1979; Chiew 
and McMahon 1999; Hartigan et al.), while Hoffman et al. (1982) found that the 
runoff rate as the influential parameter in the wash-off process. As pointed by 
Duncan (1995), rainfall rate, rainfall volume, runoff rate and runoff volume are four 
variables that are primarily evaluated in relation to the wash-off process. As these 
variables are correlated to each other, it is difficult to identify the degree of influence 
of an individual parameter on the wash-off process (Chiew and McMahon 1999; 
Mckay and Marshall 1993).  
The rate of pollutant washed-off from a road surface depends on three primary 
factors; rainfall intensity, road surface characteristics and particle size (Sartor et al. 
1974). The wash-off process is commonly modelled as an exponential equation and a 
function of rainfall intensity, as shown in Equation 2.1 (Sartor et al. 1974). The 
pollutant load washed-off is influenced by the initially available pollutants on the 
surface. 
        
        [2.1] 
Where: 
  - weight of the material mobilized after time t; 
   - the initial weight of the material on the surface; 
  - average rainfall intensity; 
  - wash-off coefficient; and  
  time. 
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Egodawatta and Goonetilleke (2008) introduced the concept of ‘fraction wash-off’ 
(Fw) in order to eliminate the influence of the initially available load pollutant on the 
catchment surface. Thus, comparison can be made for different sites. Fw is defined 
as the weight ratio of cumulative wash-off of pollutants to the initially available 
pollutants. However, a question that arises when investigating the wash-off process 
is the fraction of available pollutants washed-off from an impervious surface.  
Cordery (1977) noted that most of the pollutants are washed-off from a catchment 
surface in the first 10-20 mm of rainfall depth. However, the fraction of the 
pollutants removed from the surface was not given in the study. Egodawatta and 
Goonetilleke (2008) observed that only a fraction of the pollutants available on the 
catchment surface is removed and the fraction increases with rainfall intensity which 
suggests the influence of rainfall intensity on the wash-off process. Therefore, based 
on this finding, a ‘capacity factor’ (CF) was introduced to the exponential wash-off 
equation to represent the capacity of a particular rainfall intensity to mobilise 
pollutants from the road surface (Egodawatta and Goonetilleke 2008; Egodawatta et 
al. 2007). Equation 2.2 shows the final format of the proposed wash-off equation. 
 
   
 
  
          
    )  [2.2] 
 
  weight of the material mobilized after time t 
   initial weight of the material on the surface 
   fraction wash-off 
   capacity factor 
  average rainfall intensity 
  wash-off coefficient 
  time 
 
Egodawatta and Goonetilleke (2008) also pointed out that apart from rainfall 
intensity, other factors also influence CF such as road surface condition and the 
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characteristics of the available pollutants. Kang (2005) noted that the duration the 
pollutants are attached to the catchment surface plays an important role in their 
detachment. According to Kang (2005), two types of pollutants exist on an 
impervious surface; short term and long term pollutants (Kang 2005).  
Short term pollutants refers to the pollutants that accumulate on the impervious 
surface before the rainfall event, which is easily detached from the surface even 
during a small runoff event as these pollutants are located on the outmost layer of the 
pollutant mass (Kang 2005). However, in the case of the long term pollutants, these 
are attached to the bed roughness of the impervious surface. These pollutants will 
only be detached from the impervious surface over a series of storm events and/or 
high intensity and long duration rainfall. Therefore, Kang (2005) categorised the 
wash-off process into two-phases as shown in Figure 2.6. The first phase relates to 
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Similarly, Vaze and Chiew (2002) observed two types of pollutant loads on a road 
surface; free load and fixed load. Free load is defined as the load that can be 
collected using a vacuum system while the fixed load relates to the fine particles that 
are attached to the road surface and can only be released by brushing. The free load 
will disintegrate and dissolve during small rainfall events while the fixed load will 
only be removed from the surface by large rainfall events. Vaze and Chiew (2002) 
also proposed two wash-off concepts based on their detailed investigation of the 
pollutant load on a road surface. The wash-off process could be either source limited 
(see Figure 2.7a) or transport limited (see Figure 2.7b).  
Source limited refers to the phenomenon when all the pollutants are washed-off from 
the catchment surface during a rainfall event. Transport limited refers to the 
phenomenon when the storm event only manages to remove just a portion of the 
pollutants. The remaining pollutants will be available on the surface and will 
increase during the antecedent dry days that follow. Therefore, the amount of 
pollutants washed-off from the surface depends on the available pollutants on the 
impervious surface accumulated during the antecedent dry days. This suggests the 
influence of antecedent dry period on the wash-off process. 
Yamada et al. (1993) have pointed out that the pollutant load washed-off from a road 
surface increase with increasing number of dry days. Therefore, it can be concluded 
that wash-off and build-up process is interrelated. In addition to the available 
pollutants, rainfall and runoff characteristics are the other variables that influence the 
amount of the pollutants washed-off from an impervious surface (Adams and Papa 
2000; Duncan 1995). 
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Figure 2.7: Hypothetical pollutant build-up and wash-off processes, (a) source 
limited (b) transport limited (adapted from Vaze and Chiew, 2002) 
 
2.8 FIRST FLUSH PHENOMENON  
2.8.1 Background 
First flush phenomenon is an important issue in urban stormwater management. The 
existence of first flush is debated by researchers as several studies have observed the 
phenomenon while other studies have not found discernable evidence (Han et al. 
2006; Tiefenthaler et al. 2008). In general, first flush is defined as increased presence 
of pollutants in the early stage of the runoff hydrograph compared to the later stage 
of runoff. The existence of first flush will benefit stormwater management as a 
treatment system could be designed to treat the most polluted discharge volume and 
to release the remainder of the runoff. This has implications in relation to the size of 
the treatment facility as it could be reduced, thus reducing the cost. Therefore, it is 
essential to have an in-depth understanding of the first flush phenomenon in order to 
design an effective stormwater treatment system. 
 Chapter 2: Urbanisation Impacts on Stormwater 36  
 
 
Numerous research studies have been conducted in order to gain an in-depth 
understanding of this phenomenon. However, there are several aspects that need to 
be clarified due to the inconsistent results found in research literature. This includes: 
 First flush definition and existence; and  
 Influential parameters in relation to first flush. 
 
2.8.2 First Flush Definition 
A number of different definitions of first flush have been proposed by past 
researchers. According to research literature, first flush definitions could be 
categorised based on three approaches; 
 Concentration-based first flush; 
 Mass-based first flush; and 
 Empirically based first flush. 
 
a. Concentration-based First Flush (CBFF) 
Concentration-based first flush (CBFF) is defined as a high concentration of 
pollutants at the early stage of the runoff event compared to the later stage 
(Sansalone and Cristina 2004; Thornton and Saul 1986). This definition is 
commonly used by researchers to define first flush, as it is easy to apply. First flush 
can be identified based on the concentration peak at the initial part of a pollutograph 
followed by a rapid decline in concentration after the peak and a relatively low and 
constant concentration for the remainder of the rainfall duration. Figure 2.8 
illustrates the first flush based on concentration, for COD and SS. As evident in 
Figure 2.8, both COD and SS have high concentration at the early part of the 
pollutograph and the pollutant peak for both pollutants occurs followed by the runoff 
peak. 
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Figure 2.8: Illustration of first flush definition based on concentration (adapted 
from Thornton and Saul (1987)) 
 
Definition of first flush based on concentration has been applied in various studies 
(Barrett et al. 1998; Cordery 1977; Forster 1999; Larsen et al. 1998; Lee and Bang 
2000). According to the study undertaken by Lee and Bang (2000), the concentration 
of suspended solids, n-Hexane and chemical oxygen demand rose significantly as the 
runoff increased and the pollutants peak concentration occurred before the runoff 
peak. In an investigation into water quality in three catchments in Sydney, Australia, 
Cordery (1977) also found that the concentration of pollutants such as suspended 
solids and nutrients were highest at the beginning of a storm event and reduced 
rapidly with the runoff.  
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It is important to note that the concentration peak varies between pollutants, events 
and method of measurement (Sansalone et al. 2006). Therefore, it is hard to 
determine specific parameters for treatment design. Furthermore, the ‘early’ or 
‘initial’ part of runoff or rainfall referred to by the researchers is not clear as it has 
not been defined precisely (Bertrand-Krajewski et al. 1998; Saget et al. 1996).  
 
b. Mass-based first flush (MBFF) 
Mass-based first flush (MBFF) is also a commonly used definition used by 
researchers for defining the first flush phenomenon. MBFF is defined as the 
occurrence of a high mass during the rising limb or the early portion of the runoff 
hydrograph (Sansalone and Cristina 2004). Although CBFF is widely used, 
technically MBFF can be more acceptable. This is because the pollutant load 
distribution curve (MV) from multiple rainfall events or from different catchments 
can be compared by plotting cumulative pollutant load (M) versus cumulative runoff 
volume (V) graph (Batroney 2007; Tucker 2007). The MV curve represents the 
variation of the pollutant load removed from catchment surface in relation to the 
runoff volume which has left the catchment. M and V variables at a specific time can 






     cumulative runoff volume at time t; 
[2.3] 
[2.4] 
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  time between the initiation of runoff (t0); 
  time coinciding with the cessation of runoff; 
     runoff flow rate at time t; 
     cumulative mass at time t; and 
     pollutant concentration at time t. 
M(t) in Equation 2.4 refers to the investigated pollutant. According to research 
literature, there are variations in first flush definitions provided by past researchers 
based on the MBFF method. According to Helsel et al. (1979), first flush exists if the 
cumulative percentage of load is above the cumulative percentage of flow at any 
time. In this definition, a cumulative percentage of load and flow against time is 
plotted as illustrated in Figure 2.9. 
 
 
Figure 2.9: Variation of incremental load and flow with incremental time 
(adapted from Helsel et al. (1979)) 
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However, Geiger (1987) postulated that first flush exists if the initial slope of the 
MV line is greater than 45º as shown in Figure 2.10. The cumulative percentage of 
pollutant mass vs. cumulative percentage of flow is plotted to define first flush. The 
resulting MV curve is compared with a 45º line or bisector line (referred to as B 
line). The B line indicates that the pollutants load removed from the catchment is 
directly proportional to the discharge volume leaving the catchment. It is assumed 
that dilution occurs when the initial slope of M is below the B line. The first flush is 
considered significant if the gap between the MV curve and the B line is greater than 
20% (Geiger 1987). However, a gap greater than 20% between MV curve and B line 
could appear at any runoff volume throughout the rainfall event and there would be 
multiple first flush occurrences if this definition is applied which will affect the 
estimation of runoff volume to be treated in stormwater treatment design.  
 
 
Figure 2.10: Definition of first flush by Geiger (adapted from Geiger (1987)) 
MV 
45° line 
or B line 
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An alternative to the stipulation by Geiger (1987) has been provided by Gupta and 
Saul (1996), that first flush exists at the maximum divergence of the MV curve and 
the B line. In this approach, both cumulative percentage of suspended solids and 
cumulative percentage of flow are plotted against the cumulative percentage of time 
(refer Figure 2.11). Using this definition, the volume of runoff to be treated can be 
estimated as the maximum gap between cumulative percentage of pollutant and 
cumulative percentage of flow (Gupta and Saul 1996). Therefore, the timing of first 
flush occurrence can be estimated. The application of this definition can also be 
applied to other pollutants although most past studies adopted suspended solids as 
the surrogate parameter to assess first flush occurrence (Gupta and Saul 1996; Taebi 
and Droste 2004). This is due to the fact that other pollutants such heavy metals, 
hydrocarbons and nutrients are attached to suspended solids.  
 
 
Figure 2.11: Definition of first flush by Gupta and Saul (adapted from Gupta 
and Saul (1996)) 
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The deviation between the MV curve and B line indicates the magnitude of first 
flush. A relatively big gap between the MV curve and B line suggests a stronger or 
higher magnitude first flush. M and V can be mathematically represented by a power 
function as shown in Equation 2.5 (Bertrand-Krajewski et al. 1998; Lee et al. 2002; 
Sansalone and Cristina 2004).  
 
                   [2.5] 
 
  is the first flush coefficient and the value can be computed by linear regression as 
follows: 
 
                       [2.6] 
 
Therefore, based on the ‘a’ value, first flush existence can be assessed. In general, if 
‘a’ value is <1, it indicates that the first flush phenomenon exists while if ‘a’ is >1, 
then the first flush is absent (Saget et al. 1996, Bertrand-Krajewski et al. 1998). 
Saget et al. (1996) identified six regions which can be used to define the strength of 
the first flush. Table 2.3 lists the range of first flush coefficients for the six regions 
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Table 2.3: The strength of the first flush based on first flush coefficient ‘a’ 
(adapted from Saget et al. 1996) 
Area 
Values of ‘a’ 
coefficient 







0 < a ≤ 0.185 
0.185 < a ≤0.862 
0.862  < a ≤1.00 
1.00 < a ≤ 1.159 
1.159 < a ≤ 5.395 





Strong mediation above the diagonal 
Moderate deviation above the diagonal 
Little deviation above the diagonal 
Little deviation below the diagonal 
Moderate deviation below the diagonal 
Strong deviation belowe the diagonal 
 
 
Figure 2.12: First flush strength based on the first flush coefficient ‘a’ (adapted 
from Saget et al. (1996)) 
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Another first flush definition based on MBFF is the comparison of a fraction of the 
total pollutant load to a fraction of the runoff volume (Delectic 1998). First flush is 
determined by simultaneously selecting the percentage of discharge volume and 
pollutant load at the early part of the distribution curve (MV curve). 
There are numerous first flush definitions based on pollutant load and volume 
fractions. For example, Deletic (1998) proposed first flush as the percentage of total 
event pollution load transported by the first 20% of total stormwater runoff volume. 
Deletic (1998) proposed that for a significant first flush to have occurred, 40% of the 
pollutant load must be transported in the first 20% of the runoff volume (which is 
known as 20/40 FF). Similarly, Vorreiter and Hickey (1994) proposed that 40% - 
60% of pollutants should be transported by 25% of the runoff volume. This was 
based on their analyses of SS, faecal coliforms and TP from six catchments in 
Sydney, Australia.  
First flush based on fractions can be arbitrary. A researcher could choose any value 
without providing any substantial justification. For example, Bertrand-Krajewski et 
al. (1998) proposed a stringent definition for first flush known as 30/80 first flush, 
where at least 80% of the pollutant mass needs to be transported in the first 30% of 
the runoff volume. Another stringent first flush definition states that 80% of the total 
pollutant load must be transported by the first 20% of the flow volume (Stahre and 
Urbonas 1990). However, researchers have found that it is very difficult to meet the 
definitions proposed by Bertrand-Krajewski et al. (1998) and Stahre and Urbonas 
(1990) as these are too stringent (Lau et al. 2002; Lee et al. 2002; Sansalone and 
Cristina 2004).  
 
c. Empirically based First Flush 
The application of first flush as a design parameter is based on the water quantity. 
This parameter defines the quantity of the rainfall depth or runoff volume to be 
treated by the stormwater treatment device. The typical design parameters that have 
been adopted are: 
 First half inch (13mm) of rainfall; and 
 First half inch (13mm) of runoff. 
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(Deng et al. 2005) 
 
For example, the first half inch (13mm) of rainfall means that the first half inch of 
rainfall is captured to be treated by the stormwater treatment devices and the rest of 
the rainfall depth is released directly to the receiving water. However, there is very 
limited empirical evidence provided to justify the adoption of a specific rainfall 
depth. Secondly, it is also debatable whether a standard rainfall depth can be adopted 
across different geographical and climatic regions. 
 
2.8.3 First Flush Influential Parameters 
a. Rainfall Characteristics 
According to the research literature, there is no clear consensus on what rainfall 
parameters influence first flush. This is related to the selection of the first flush 
indicators and the rainfall parameters evaluated. The common practise in evaluating 
the influence of rainfall on first flush is by selecting one first flush indicator from the 
pollutant load distribution curve (MV) and evaluated with the event based rainfall 
parameters (Huang et al. 2012a; Li-Qing et al. 2007; Taebi and Droste 2004). As an 
example, Taebi and Droste (2004) investigated the correlation between first flush 
load at 20% of discharge volume (or known as L’(20) in this study) and rainfall-
runoff characteristics such as total depth of rainfall, total duration of the rainfall 
event, the maximum rainfall intensity and average intensity. It was observed that the 
first flush load increases with the increase in rainfall intensity and duration (Taebi 
and Droste 2004).  
A study conducted by Huang et al. (2012) observed that only long duration rainfall 
with largest runoff volume will result in a first flush event. The percentage of load 
washed-off at 30% of the runoff volume (FF30) was adopted as the first flush 
indicator and evaluated with total rainfall, flow rate, total runoff volume, rainfall 
duration, maximum rainfall intensity and antecedent dry period (Huang et al. 2012a)  
Li et al. (2007) also observed that there was no correlation between rainfall-runoff 
characteristics and first flush indicator except for maximum rainfall intensity. 
Similar to the study by Taebi and Droste (2004), Li et al. (2007) evaluated the 
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correlation of first flush with the average rainfall intensity. FF30 was defined as the 
first flush in this study due to the fact that the maximum difference between the 
distribution curve and bisector for the events analysed was around 30% of the runoff 
volume. One important finding of this study was the role of rainfall pattern on the 
first flush phenomenon. It was observed that first flush is associated with intense 
rainfall at the beginning of the event (Li-Qing et al. 2007). This was based on the 
observation of the time interval between pollutant concentration peak and the runoff 
peak 
However, the outcomes of past studies can be questionable as the rainfall parameters 
used in the analysis were event based rainfall parameters (such as average rainfall 
intensity, total rainfall) whilst first flush exists only at the initial part of the storm 
event. Therefore, the accuracy of the analysis is questionable as the rainfall 
parameters used do not represent the first flush indicator itself. 
The role of the antecedent dry period in influencing first flush is also questionable 
due to inconsistent findings in past studies. For example, Li et al. (2007), Gupta and 
Saul (1996), Geiger (1987), and Nazahiyah et al. (2007) have found that the length 
of dry period influenced first flush. According to Gupta and Saul (1996), antecedent 
dry period was one of the most important rainfall parameters influencing the first 
flush load of suspended solids. A study conducted in a residential area in Johor, 
Malaysia found that the first flush magnitude increased with the increasing length of 
the dry period (Nazahiyah et al. 2007). In this study, the existence of first flush for 
SS, BOD5, COD, NO3-N, NO2-N, NH3-N and P were determined by plotting the 
dimensionless cumulative pollutant load and dimensionless cumulative flow rate and 
the first flush load was determined at 20% -30% of discharge volume. 
However, a contradictory result was observed from a study in Korea. The study was 
conducted in 13 catchments with different land uses. In order to assess the 
relationship between first flush and parameters that influence the phenomenon, the 
cumulative ratio of the pollutants  load was plotted against rainfall parameters such 
as antecedent dry period, percentage of impervious area and catchment area (Lee et 
al. 2002). Antecedent dry period was found not to be correlated to first flush 
although rainfall intensity and catchment area was found to be correlated (Lee et al. 
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2002). Similarly, Saget et al., (1996) and Han et al. (2006) also found that antecedent 
dry period was not an influential parameter for first flush. 
Although there are inconsistent findings in relation to the link between antecedent 
dry period and first flush, it is important to note that antecedent dry period is an 
important parameter for the build-up process (Lee et al. 2005). The pollutants build-
up on a catchment surface during the dry period, and the pollutant load increase with 
increasing length of dry days before being washed-off by rainfall. This suggests that 
some correlation exists between the antecedent dry period, build-up process and first 
flush. 
 
b. Catchment Characteristics 
First flush existence and behaviour is also influenced by catchment characteristics. 
However, the role of catchment characteristics on first flush is still unclear due to 
inconsistent research findings. According to research literature, first flush is 
generally associated with small catchments with high impervious surfaces (Bertrand-
Krajewski et al. 1998; Gupta and Saul 1996; Kim et al. 2003; Lee et al. 2005; Lee 
and Bang 2000; Lee et al. 2002; Ma et al. 2002; Vorreiter and Hickey 1994). 
According to Lee and Bang (2000) first flush phenomenon was observed in 
catchments smaller than 100 ha with more than 80% impervious area. This is based 
on the pollutant concentration peak occurring before the flow peak. However, 
Bertrand-Krawjeski et al. (1998) have questioned the hypothesis of smaller 
catchment will lead to a lower first flush coefficient thus resulting in strong first 
flush. They found that the lowest first flush coefficient value was not correlated with 
the smallest catchment. 
Bertrand-Krawjeski et al. (1998) also observed that slope of the stormwater drainage 
system was not an influential parameters for first flush. They further suggested that 
the relationship between the first flush indicators and the catchment characteristics 
cannot be simplified and should be substantiated with experimental data. However, 
Lee et al. (2002) noted that a small catchment with steep slope  produced a stronger 
first flush (Lee et al. 2002). A steep slope produces higher runoff rate, thus 
accelerating the process of pollutants detachment from the catchment surface. 
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Furthermore, the transport of pollutants to the catchment outlet is short due to the 
small size of the catchment.  
In addition to the size and slope of the catchment, the percentage of impervious 
surface also plays an important role in the first flush phenomenon. According to 
Helsel et al. (1979), first flush increases with urbanisation which is related to the 
increase in impervious area of the catchment. Lee and Bang (2000) noted that a high 
fraction of impervious area produced stronger first flush (Lee and Bang 2000). This 
is attributed to the fact that runoff generated from rainfall has the ability to wash-off 
pollutants deposited on impervious surfaces due to high runoff velocity. The 
pollutant transport travel time is also reduced due to the high percentage of 
impervious surface and is further reduced due to the efficiency of the hydraulic 
conveyance system (Vorreiter and Hickey 1994). 
 
c. Pollutant Characteristics 
Pollutants characteristics are also important in evaluating the first flush occurrence 
and behaviour as these can be different from one catchment to another. Lee et al. 
(2002) revealed that suspended solids and phosphate had high magnitude in terms of 
the percentage wash-off load in residential area and industrial areas respectively 
compared to other pollutants. This was due to the surrounding activities in those 
areas. Huang et al. (2012) observed that the magnitude of total suspended solids was 
highest in the lawn’s runoff compared to the other pollutants such as nitrate, 
chemical oxygen demand and total phosphorus. As noted by Hall and Ellis (1985) 
only 60% to 80% of the storm events exhibited first flush phenomenon for 
suspended solids and chloride which is in contrast to Zn that experienced high wash-
off load during the end part of the storm event. This suggests that first flush 
phenomenon is not always necessary happen for all the storm events and the 
occurrence varies within the pollutant. 
Taebi and Droste (2004) found that total solids, total suspended solids and chemical 
oxygen demand displayed relatively weak first flush while  no first flush effects were 
observed for heavy metals (leads, zinc) and nutrients (total nitrogen). Soller et al. 
(2005) also failed to detect the existence of first flush for metals and anions in their 
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study. In another study, the first flush phenomenon was more frequent for faecal 
coliforms, suspended solids and total phosphorus than dissolved phosphorus 
(Vorreiter and Hickey 1994).  
This is because particulate pollutants such as suspended solids are removed from the 
surface primarily by physical processes such as wash-off (Griffin et al. 1980). 
However, the concentrations of dissolved pollutants in the runoff are governed by 
other factors such as solubility equilibrium and adsorption-desorption processes 
(Hall and Anderson 1986). This suggests that the first flush behaviour varies 
between pollutants, and proper consideration should be given in designing 
stormwater mitigation systems as it should be based on the pollutants characteristics. 
 
 
2.9 GUIDING CONCEPTS IN STORMWATER TREATMENT DESIGN 
2.9.1 Background 
As discussed in Section 2.3, urban stormwater runoff quality is a major concern in 
stormwater management. The role of stormwater runoff as the pollutant carrier is 
widely recognised (Wong 2000(a)). This has challenged stormwater quality 
management in implementing appropriate mitigation approaches in order to prevent 
stormwater runoff polluting the receiving waters. 
In designing a treatment system, it is important that the facility is able to remove 
pollutants efficiently. As pointed by Guo and Urbonas (1996), one important 
parameter is the size of the system. A treatment facility which is under-designed will 
not be able to effectively treat runoff from a large storm as it would be beyond the 
system capacity. However, if the system is over-designed, it would not be 
economically feasible (Guo and Urbonas 1996). The cost and the space requirement 
are influenced by the size of the treatment facility, as a larger facility requires larger 
space and increases the cost. In addition, space can be very limited in an urbanised 
area (Batroney et al. 2010). Therefore, it is important in design to optimise the size 
of the treatment facility that can treat pollutants effectively. 
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In this regard, the first flush phenomenon should be taken into account in the design 
of a stormwater treatment facility. As the initial runoff is more polluted compared to 
the later runoff from a storm event, it is feasible to design the treatment system to 
treat the initial part of the runoff. Consequently, the size of the treatment system can 
be reduced, thus reducing the space requirement, as discussed above. 
 
2.9.2 Non-structural and Structural Measures 
The removal of pollutants in urban stormwater runoff using treatment systems is 
widely practiced by many countries (Lloyd et al. 2002). In Australia, the concept of 
Water Sensitive Urban Design (WSUD) was introduced in early 1990’s. This 
concept is an innovative approach in Australia in terms of urban planning and design 
(Lloyd 2001). WSUD integrates urban planning and utilise best practices to achieve 
five primary objectives: 
 To protect natural systems such as creeks, rivers, and wetlands within an 
urban development; 
 To protect the quality of surface water in urban development; 
 To integrate stormwater treatment into the landscape by incorporating 
multiple use corridors that maximise the visual and recreational amenity of 
the development; 
 to reduce runoff and peak flows by employing detention measures such as 
detention ponds and green landscapes which would enable reducing the 
runoff rate and the peak flow due to the increasing impervious area; and  
 To add value while minimising drainage infrastructure development costs. 
(adapted from (CSIRO 1999) 
 
There are two types of WSUD measures; non-structural WSUD and structural 
WSUD measures. The non-structural measures can be described as policy and 
enforcement to be followed by regulators and also the community. The key features 
of non-structural measures are: 
 Environmental and urban development policy; 
 Environmental considerations on construction sites; 
 Education and staff training; 
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 Community education programs; and 
 Enforcement programs. 
(Lloyd et al. 2002). 
Structural WSUDs are stormwater treatment measures that collect, convey or detain 
stormwater to improve water quality and to provide reuse function (Lloyd et al. 
2002). According to research literature, there are several commonly applied 
measures, such as: 
 Constructed wetlands; 
 Swales; 
 Detention ponds or dry detention basins; 
 Retention pond or wet ponds; 
 Infiltration systems; 
 Pond and sediment traps; 
 Litter traps (gross pollutant trap); 
 Diversion of runoff to gardens beds; and 
 Rainwater tanks/reuse schemes such as garden watering and toilet flushing. 
(Lloyd et al. 2002). 
 
There are three levels of WSUD treatment; primary, secondary and tertiary. Figure 
2.13 illustrates these three levels of treatment. The primary level is to remove the 
large particles from urban stormwater runoff. At this stage, the gross pollutants and 
coarse pollutants are removed. The secondary level aims to remove the fine 
sediments with partial removal of heavy metals, hydrocarbons and nutrients. The 
final treatment by WSUD devices is to enhance the sedimentation process and to 
remove the pollutants that are adsorbed to fine sediment such as nutrients, heavy 
metals, hydrocarbons as well as dissolved pollutants. 
 
 




Figure 2.13: The treatment levels of WSUD devices (adapted from IEAust 
(2006)) 
The efficiency of WSUD devices in treating pollutants is largely dependent on the 
hydraulic loading rate (refer Figure 2.14) (WBM 2007). Li et al. (2007) noted that 
the pollutant concentration in the inflow and the magnitude of the runoff also 
influence the efficiency of the devices for removing pollutants. As WSUD measures 
depend on the hydraulic loading rate and size range of particulate pollutants, it is 
best to implement a series of WSUD measures referred to as a ‘treatment train’ in 
order to ensure comprehensive removal of a range of pollutants. Therefore, more 
targeted pollutants could be treated. As an example, the coarse sediments will settle 
out in minutes once stilling of the flow occurs while nutrients removal may take 
hours to days (WBM 2007). Thus, the treatment device designed to remove coarse 
sediment may not be suitable for the removal of nutrients. 
The size of particulates is an important parameter in designing the treatment device. 
The removal of pollutants in the runoff depends largely on the size of the particulates 
(Andral et al. 1999; Li et al. 2005). As fine particles require longer detention time, 
the size of the treatment measure would need to be bigger. As noted by Li et al. 
(2006), larger compartments are needed if the targeted pollutants are associated with 
fine particles and vice versa. 
 
Primary Level Treatment 
- screening of gross pollutants 
- settling of coarse particles 
 
 
Secondary Level  Treatment 
- sedimentation of fine particle 
- filtration 
Tertiary Level Treatment 
- enhanced sedimentation and filtration 
- biological uptake 
- adsorption to sediments 
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Figure 2.14: The relationship between pollutant removal, treatment measure 
and hydraulic loading (adapted from WBM 2007) 
 
The application of first flush in stormwater treatment can be relevant in 
sedimentation ponds (Aidheimer and Bennerstedt 2003; Sonstrom et al. 2002) and 
dry detention ponds (Stanley 1996). These structures are designed to capture the first 
flush and bypass the rest of the runoff. Li et al. (2006) proposed a two-compartment 
sedimentation pond to increase the efficiency of the measure. Figure 2.15 illustrates 
the sedimentation pond proposed by Li et al. (2006). The first compartment known 
as the storage compartment is designed specifically to treat the first flush portion. 
The second compartment is a continuous flow sedimentation pond or clarifier (Li et 









Figure 2.15: Two-compartment sedimentation pond proposed by Li et al. (2006) 
 
Storage compartment 
(first flush only) 
Continuous flow 
compartment  
(the remainder of runoff) 
Runoff Effluent 
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It is assumed that by allowing the pollutants to settle for a certain period, natural 
processes will breakdown some of the pollutants, thus improving the water quality. 
The first flush is detained in the detention pond for a period of around 24-48 hours 
for removing pollutants (Weidmann 2005). Li et al. (2006) proposed 24 hours as the 
retention time for their sedimentation tank. Based on their simulation, most particles 
less than 10 mm were removed. The first flush impact was observed as 35% of 
particles mass removed from the sedimentation tank at 17% of runoff volume (Li et 
al. 2006). However, it is important to note that the design features of a treatment 
structure should not be universal. This is due to the variability of the pollutant 
loading which is site specific and the characteristics of the rainfall specific to the 
area. Therefore, any design of a treatment measure should be based on site specific 
investigations undertaken in the area.  
 
2.10 SUMMARY  
The following discussion summarises the important facts based on the reviewed 
literature. This includes the impacts of urbanisation, primary pollutants in urban 
stormwater, the build-up and wash-off processes, first flush phenomenon, and the 
parameters that influence the first flush phenomenon and the guiding concepts in 
stormwater treatment design. 
Urbanisation processes affect both urban stormwater quality and quantity. The 
increase in impervious surfaces such as roads, roofs and buildings due to 
urbanisation leads to an increase in total runoff, peak discharge while decreasing the 
infiltration process, and the time of concentration. Urban stormwater has also been 
identified as the source of non-point pollutants to receiving water such as lakes and 
rivers. Suspended solids, organic carbon, nutrients, hydrocarbons, heavy metals and 
gross pollutants are listed by researchers as the primary pollutants in urban 
stormwater runoff.  
Pollutants generated from various anthropogenic activities will accumulate on 
impervious surfaces during dry periods before being washed-off by urban 
stormwater runoff generated from rainfall. The build-up process is influenced by 
several factors such as land use, the length of the antecedent dry period, traffic 
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volume, characteristics of the impervious surfaces and street sweeping practices. In 
the wash-off process, the amount of pollutants removed from the impervious 
surfaces is influenced by the available pollutants and rainfall characteristics such as 
rainfall intensity and duration. In addition, both build-up and wash-off processes are 
interrelated. 
It is hypothesised that the earlier part of the runoff event referred to as first flush is 
more polluted compared to the later stage of runoff. According to research literature, 
there are several definitions of first flush proposed. The available definitions are; 
concentration based first flush, mass based first flush and empirically based first 
flush. Mass based first flush definition and concentration based first flush are two 
common definitions adopted by researchers in investigating first flush. However, 
mass based first flush is more acceptable and mostly applied in research as the 
distribution of the pollutant load washed-off from the catchment with respect to the 
discharge volume can be determined.  
The parameters which influence first flush were also reviewed. Based on literature, 
there is limited consensus regarding the rainfall parameters which act as influential 
parameters. This is due to the variation in rainfall parameters used in the evaluation 
of first flush indicators. This in turn is attributed to be the reason for inconsistency in 
research findings. Furthermore, the research findings can sometimes be questionable 
as first flush occurs during the initial part of the rainfall event while the rainfall 
parameters commonly used in investigations are the event based parameters (such as 
average rainfall intensity, total depth). In terms of catchment characteristics, past 
research has found that first flush is most likely to occur in small, highly impervious 
catchments with steep slope.  
In order to prevent polluted stormwater from directly discharging to the receiving 
waters, non-structural and structural measures are commonly implemented. The 
implementation of the treatment measures requires space which will influence the 
cost. In order to increase the efficiency of a treatment measure and to reduce the 
associated cost and space, it is appropriate for the treatment measure to be designed 
to treat the first flush. However, this will entail detailed investigations as the 
pollutant loading would vary from site to site and it is also influenced by a range of 
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Chapter 3: Research Design and Methods  
3.1 BACKGROUND 
Chapter 2 concluded that fundamental knowledge on first flush influential 
parameters is essential in order to enhance stormwater treatment design. However, 
due to inconsistent findings of past studies, it is difficult to identify the influential 
parameters. This study therefore was designed to provide accurate evaluation of the 
first flush influential parameters. Research design, methodology and the data 
analysis techniques which were developed for achieving the aims and objectives of 
this study as stated in Chapter 1 are discussed in this chapter. 
 
3.2  RESEARCH METHODOLOGY 
The research methodology was carefully designed in order to ensure that the aims 
and objectives of this research study were achieved. Accordingly, there were five 
important components to this study; 
 Critical review of research literature; 
 Selection of the study sites; 
 Selection of water quality parameters and sample testing methods; 
 Sampling and data collection; and 
 Data analysis. 
 
3.2.1 Critical Review of Research Literature 
The critical review of research literature is a key process when conducting research, 
for identifying the key knowledge gaps and for refining the research methodology. In 
this research study, it was important to acquire a state-of-the-art understanding of the 
first flush phenomenon and its underlying processes and influential parameters. 
Therefore, the critical review of literature examined the areas of: 
 Urbanisation impacts on water quantity and quality; 
57 
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 Urban stormwater pollutants and their primary sources; 
 First flush definitions; 
 First flush influential parameters as identified by past research; and 
 The application of first flush in guiding stormwater treatment. 
 
Based on the critical review, the research knowledge gaps in relation to first flush 
were identified. Furthermore, the formulation of the research methods and data 
required to test the research hypothesis was identified from the literature review. 
 
3.2.2 Selection of the Study Sites 
This research project required the collection of discrete stormwater samples and 
rainfall-runoff data from catchments with different characteristics for investigating 
the influence of rainfall and catchment characteristics on first flush. The primary 
criteria for selecting the study sites were: 
 Catchments with established monitoring stations; 
 Catchments with varying characteristics such as extent, spatial distribution of 
pervious and impervious surfaces; and  
 Availability of long term historical data of rainfall-runoff, and stormwater 
quality. 
 
The justification for selecting study sites with long-term historical data was that it 
could be used to support the envisaged analysis. Additional data from new sampling 
of stormwater and monitoring of rainfall events were also collected using the 
established monitoring stations. Detailed discussion of the selected study sites can be 
found in Chapter 4. 
 
3.2.3 Sampling and Data Collection 
Two types of data were used in the analysis; historical data and new data collected 
from stormwater sampling and rainfall-runoff records. In order to ensure 
compatibility between the historical data and new data, the procedures and testing 
methods used to analyse the new stormwater samples were similar to the historical 
data. Furthermore, appropriate quality control and quality assurance procedures were 
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adopted according to Australia/New Zealand Standards, Water Quality – Sampling 
(AS/NZS 5667.1:1998).   
In terms of catchment data, a desktop study was conducted to gather the required 
information on catchment characteristics such as study area, land cover including 
pervious surface and impervious surface fractions.  
 
3.2.4 Selection of Water Quality Parameters  
The literature review revealed that solids and nutrients are the most common water 
quality pollutants found in urban stormwater, particularly in residential areas and 
these are the primary pollutants treated by stormwater treatment devices. Heavy 
metals and hydrocarbons were not included in this study as both pollutants are not 
critical in residential areas compared to commercial and industrial areas (Wong et al. 
2000). This is due to the low occurrence of anthropogenic activities that generate 
these pollutants in residential areas in comparison to commercial and industrial 
areas.  
The impacts of solids and nutrients on urban water quality were discussed in Section 
2.5. The stormwater samples were tested according to the procedures specified in the 
Standard Methods for the Examination of Water and Wastewater (APHA 2005). The 
samples were tested for total suspended solids (TSS), total phosphorus (TP), total 
nitrogen (TN), pH and electric conductivity (EC).  
 
3.2.5 Data Analysis  
Data analysis was divided into two parts. The first part of the analysis was the 
evaluation of the influence of rainfall characteristics on first flush and secondly, the 
influence of catchment characteristics on first flush. Both univariate and multivariate 
statistical methods were employed in the data analysis. Univariate analysis included 
mean, standard deviation (SD), minimum and maximum value of the data whilst 
PROMETHEE (Preference Ranking Organization Method for Enrichment 
Evaluation) and GAIA (Graphical Analysis for Interactive Assistance) were 
employed for multivariate analysis. PROMETHEE was selected as it is a non-
parametric method which is able to analyse data with a limited number of data points 
59 
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while GAIA displays the PROMETHEE result visually as a Principal Component 
biplot (Keller et al. 1991). 
 
3.3 TEST METHODS 
Below are the discussions regarding the laboratory testing carried out in this research 
study. Table 3.1 lists the parameters and testing methods employed. 
3.3.1 Total Suspended Solids  
Total suspended solids (TSS) was tested according to Test Method No. 2540C 
(APHA 2005). TSS concentration was determined by measuring the weight of the 
sample retained on a 0.45μm nitrocellulose filter paper. The filter paper was pre-
washed using 20 mL of de-ionised water three times and oven dried at 103 ºC to 
105ºC prior to filtering the sample. Then, the weight of the filter paper was 
determined after it was cooled in a desiccator. A well mixed 100 mL sample was 
filtered using the filter paper and oven dried at the same temperature (103 ºC to 105 
ºC) for 1 hour. Finally, the filter paper with the solids was weighed and the increase 
in weight was considered to represent the solids content in the sample which was 
converted to a concentration. 
3.3.2 Total Nitrogen and Total Phosphorus  
SmartChem 140 instrument was used for nutrient analysis (refer Figure 3.1). Total 
nitrogen (TN) and total phosphorus (TP) were the two nutrients parameters analysed 
in this study. The concentration of TN in stormwater samples was determined as the 
summation of nitrite nitrogen (NO2
-
), nitrate nitrogen (NO3
-
) and total kjeldahl 
nitrogen (TKN). The procedures used to test for nutrient parameters using this 
instrument were adopted from Standard Methods for the Examination of Water and 









F and No 4500- NH3, respectively as listed 
in Table 3.1. 
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Figure 3.1: SmartChem 140 instrument 
 
SmartChem 140 is a highly automated instrument and works with minimal operator 
interaction. The primary components of this instrument are pipette-dilutor with 
liquid level sensor probe, high performance wash station, reaction cuvette system, 
and sample and reagent trays. The high performance wash station washes the probe 
after every liquid contact to avoid contamination. The test sample is prepared inside 
the reaction cuvettes automatically once the samples, quality controls, and required 
standards and reagents are loaded into the instrument. The instrument measures the 
absorbance directly in the reaction cuvettes which eliminates the need to transfer 
reaction mixtures to a common flow cell, thus preventing the possibility of 
contamination. The instrument runs the test automatically and the testing process and 
results can be monitored from the available computer. 
In order to analyse for TP and TKN, the samples were digested using a hot block 
digester prior to analysing the sample. In this research study, Westco Block Digestor 
40/20 was used for the digestion process. The instrument consists of three 
components which are the block heater, digestion tubes and smart controller. The 
digestion process varies with sample type and required parameters. 25mL of sample 
is transferred using a pipette to pre-washed digestion tubes. Then, 10mL of digestion 
61 
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solutions is mixed in the vortex mixer before Teflon boiling chips are added. To 
digest the samples, a two stage digestion process was used which were at a 
temperature of 160 ºC and 380 ºC for an hour and 30 minutes, respectively. Figure 
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Table 3.1: Water quality parameters analysed 
Category Parameters Test method Instruments used 
Sediments Total suspended solids (TSS)  
No. 2540C  
(APHA 2005) 
Vacuum pump, desiccators, 
drying oven  
Nutrients 



















No 4500 - NO3
-
 - F 
(APHA 2005) 
Total kjeldahl nitrogen 
(TKN). 
No 4500 - NH3 
(APHA 2005) 
Total Phosphorus (TP)  
No. 4500-P-B  
(APHA 2005) 
SmartChem 140 Method 
420-200E 
Westco Block Digestor 40/20 
for sample preparation prior to 




pH  No. 4500H 
(APHA 2005) 
Combined pH and EC meter 
Electric conductivity (EC) 
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3.3.3 pH and Electric Conductivity  
pH and electric conductivity (EC) of the stormwater samples were determined based 
on Test Method No. 4500H and 2520B specified in the Standard Method for the 
Examination of Water and Wastewater, respectively (APHA 2005). Figure 3.3 shows 
the combined pH and EC meter used in this study. Determination of pH and EC in 
the samples was undertaken immediately after the samples were brought back from 
the site. Prior to analysing the sample, the instrument was calibrated using a standard 
buffer and standard salinity solutions.  
 
Figure 3.3: pH and EC analyser 
 
3.4 DATA ANALYSIS TECHNIQUES 
3.4.1 Univariate Analysis 
Four univariate methods were adopted in the data analysis including mean, standard 
deviation (SD), the minimum (min) and maximum (max) to describe the 
characteristics of a single variable data set in the data analysis. Mean is the 
arithmetic average of the data set while standard deviation measures the dispersion 
from the mean value. A small standard deviation indicates the data points are very 
close to the mean while a high value indicates that the data is spread over a large 
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range. The largest and the smallest values of the data set are represented by 
maximum and minimum, respectively. 
 
3.4.2 Multivariate Analysis 
PROMETHEE and GAIA 
PROMETHEE (Preference Ranking Organization Method for Enrichment 
Evaluation) is a multi criteria decision making method (MCDM) used to solve 
complex decision problems. The other MCDM methods available are ELimination 
Et Choix Traduisant la REalite or ELECTRE, Simple Multi_Attribute Ranking 
Technique (MAUT) (Abrishamchi et al. 2005; Khalil et al. 2004; Kokot and Phuong. 
1998; Martin et al. 2007). PROMETHEE has been identified as the most commonly 
used multi criteria decision making method compared to the others as it is simple, 
clear and stable, and the results are displayed visually by a GAIA biplot (Ayoko et 
al. 2007; Brans et al. 1986; Hengren. et al. 2006; Khalil et al. 2004). Furthermore, 
PROMETHEE is a non-parametric method which means it can analyse a limited 
numbers of samples where the data are not normally distributed.  
Numerous research studies in water quality have adopted PROMETHEE and GAIA 
for data analysis. For example, PROMETHEE was used to rank the quality of urban 
stormwater from two sites in Queensland, Australia (Settle et al. 2007). 
PROMETHEE also has been used to rank the quality of water bodies from 
developing countries, namely, Papua New Guinea, Nigeria, India, Pakistan, Thailand 
and Egypt, based on 26 water quality parameters (Ayoko et al. 2007). However, the 
application of PROMETHEE and GAIA to investigate first flush has not been 
explored by researchers. 
This study used PROMETHEE and GAIA to analyse the influence of rainfall and 
catchment characteristics on first flush. However, the main objective of the analysis 
was to evaluate the first flush influential parameters. Therefore, the GAIA biplot was 
employed to determine the influential rainfall and catchment characteristics based on 
the correlation between the variables and clusters formed, rather than the ranking 
provided by PROMETHEE. Decision Lab software (Visual Decision Inc. 2000 
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(Visual 2000) was used for the PROMETHEE and GAIA analysis. Detailed 
descriptions of the PROMETHEE algorithm and the applications have been 
described in detail elsewhere (Brans et al. 1986; Keller et al. 1991; Khalil et al. 2004; 
Settle et al. 2007). Below are the summary descriptions of the PROMETHEE and 
GAIA method. 
PROMETHEE 
PROMETHEE is a non-parametric method able to analyse data with limited objects 
as few as two. PROMETHEE facilitates the ranking or ordering of a number of 
objects according to a preference function, ranking order and weighting, which are 
pre-selected and applied to variables (Carmody et al. 2006; Keller et al. 1991; Khalil 
et al. 2004).  
 
i. Preference Function 
Preference function defines how one object is chosen relative to another. The 
mathematical function P(a,b) defines how one object is to be ranked relative to 
another and translates the deviation between the evaluations of two actions (samples) 
on a single criterion (parameter) into a preference degree. The preference function is 
an increasing function of the deviation where a smaller deviation contributes to 
weaker degrees of preference while larger ones to stronger degrees of preference 
(Visual 2000). The degree of preference is expressed on a percentage scale. There 
are six preference functions with six specific shapes, as shown in Table 3.2. 
 
Each shape of the preference function depends on three thresholds; 
 Q is the indifference threshold representing the largest deviation that is 
considered negligible. 
 P represents the smallest deviation that is considered as decisive. P cannot be 
smaller than Q. 
 S threshold is the Gaussian threshold which is the middle value that is only 
used with the Gaussian preference function. 
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Table 3.2: PROMETHEE preference functions (adapted from Khalil et al. 
2004) 








































S  threshold 
 
 
ii. Ranking Order 
In the PROMETHEE method, the ranking order can be modelled according to the 
preference of the user. Each criterion can be modelled either top-down (maximised) 
or bottom-up (minimised) depending on the decision maker’s preference (Khalil et 
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iii. Weighting 
Weight indicates the importance of one criterion over the other. It is expressed in any 
positive value. Greater weighting indicates the greater importance of the criterion. 
However, most of the modelling use the default weighting of 1 unless the weight of 
the criterion needs to be emphasized (Keller et al. 1991). 
PROMETHEE allows the criteria to be modelled independently. Below is a brief 
discussion of the PROMETHEE procedure: 
Step 1 Transformation of the raw data matrix to a difference data matrix 
For each criterion, all the entries in the matrix are compared pair wise by subtraction. 
This creates a difference (d) matrix. 
 
Step 2 Application of the preference function 
For each criterion, a preference function P(a,b) is selected to describe how much the 
outcome a is preferred over b. As explained above, one of six preference functions 
available in Decision Lab software must be chosen and each of the preference 
functions, the ranking order, weighting and threshold value must be pre-selected. 
 
Step 3 Calculation of global preference index (   
 
                  
 
            [3.1] 
 
Where wj is the weight and set as 1 by default. However, the value can be changed, 
if any of the criteria needs to emphasized in the object’s selection.  
 
Step 4 Calculation of outranking flows  
 
Positive outranking,                       [3.2] 
Negative outranking,                     [3.3] 
 
The positive outranking flow,      indicates how an object outranks all others while 
the negative outranking flow,     , shows how all the others outrank each object. 
The higher the    and the lower the   , the higher the preference for an object. 
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Step 5 Comparison of outranking flows 
This stage is to compare how each object (action) outranks all other objects which 
produces partial pre-order of the objects or known as PROMETHEE I ranking. 
 
a.   outranks b: 
If              and                [3.4] 
Or 
If              and                 [3.5] 
Or 
if             and                  [3.6] 
 
Then ‘a’ is preferred over ‘b’ 
 
b.   is indifferent to b: 
If              and                [3.7] 
 
Then, ‘a’ and ’b’ are equally preferred. 
 
c.     and b cannot be comparable 
 
Step 6 Calculation of net outranking flow 
The complete ranking is produced based on the net outranking flow     , based on 
the following equation: 
                       [3.8] 
 
This procedure is known as ‘PROMETHEE II’ and the procedure eliminates the rule 
that a and b cannot be comparable in Step 5(c), thus removing the partial pre-order 
(PROMETHEE I). Additionally, φ can be used to develop a good understanding of 
how two objects are discriminated in PROMETHEE ranking (Ziyath 2012). In 
general, 10% of the whole net outranking flow is used as the threshold value to 
compare the similarity or difference between two objects. Both objects are similar if 
the difference between two objects is less than 10% of the whole net outranking 
flow, and vice versa (Ni et al. 2009). 
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GAIA 
GAIA displays PROMETHEE results visually. The advantage of the GAIA biplot is 
that the correlation of the objects and variables can be identified. The GAIA data 
matrix is constructed from the decomposition of the PROMETHEE net outranking 
flows (φ values) and is then processed by Principal Component Analysis (PCA) and 
displayed as a GAIA biplot (Keller et al. 1991). Espinasse et al. (1997) provides a 
guide to interpret the GAIA biplot. Below is the summary of the guide:   
 Variables are represented by vectors. 
 Longer vectors indicate the variable contains more variance and has a strong 
influence in the ranking of objects compared to the rest. 
 An acute angle between vectors indicates the variables have a strong 
correlation and represent the same information. In contrast, an obtuse angle 
between variables indicates conflicting information whilst independent 
variables are displayed as an orthogonal vector. 
 Dissimilar objects have significantly different PC coordinates while similar 
objects appear as clusters. 
 If the decision axis, Pi     is long, the best objects are those found in its 
direction and are farthest from the origin. 
 Long Pi-axis indicates a good decision. 
 
3.5 SUMMARY 
This chapter has discussed the research design and methodology adopted in order to 
achieve the aims and objectives of the study. The research methodology consisted of 
a critical review of research literature, selection of study sites, sampling and data 
collection, identification of water quality parameters analysed in this study and the 
techniques employed to analyse the data obtained. Detailed discussion of test 
methods and equipment used to analyse the water samples collected are also 
provided. Finally, the univariate and multivariate analysis methods employed for the 
data analysis are also discussed 
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Chapter 4: Study Areas and Data Collection 
4.1 BACKGROUND 
Chapter 3 presented the research methodology adopted for the study which required 
extensive water quality sampling and rainfall-runoff data in order to evaluate the 
influence of rainfall and catchment characteristics on first flush. This chapter 
provides a detailed description of the study areas, sample and data collection 
methodology adopted for the study.  
 
4.2 STUDY AREAS 
The study areas selected were based on the criteria outlined in Section 3.2.2 and 
located at Gold Coast, Queensland State. Gold Coast is among the few places in 
Australia where a comprehensive long-term catchment monitoring program has been 
established (Egodawatta 2007). It is the sixth largest city in Australia and one of the 
fastest growing regions in Queensland. 
The Gold Coast has a sub tropical climate where average minimum and maximum 
temperature during summer being 19ºC and 29 ºC, respectively, while in winter it is 
9ºC and 21ºC, respectively. The current population in the region is 515,157 and is 
expected to reach 730,000 by 2026 (GCCC-Web 2011). In order to cater to the 
increasing population in the region, additional residential areas are being 
continuously developed. This in turn would influence the water quality of the natural 
waterways due to stormwater runoff pollution.  
Three small catchments in Coomera Waters were selected as the study areas. 
Coomera Waters is a new residential area located in Gold Coast. The total area of 
Coomera Waters development is 496 hectares, which contains approximately 1,800 
homes. The residential areas were developed around a 17 ha lake and natural 
wetlands and provided with Water Sensitive Urban Design (WSUD) in order to 
protect the natural waterways from being polluted by the stormwater runoff. Figure 
4.1 shows the location of Coomera Waters while Figure 4.2 shows the three small 
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catchments, the location of the monitoring stations and stormwater flow directions to 
the catchment outlet. 
 
 
Figure 4.1: Location of Coomera Waters development in the Gold Coast Region 
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Figure 4.2: The location of Catchment A, Catchment B and Catchment C, 
monitoring stations and the direction of stormwater flow from each catchment 
to the monitoring station (adapted from Parker (2010)) 
 
The three small catchments which were named as Catchment A, Catchment B and C 
have been developed with 56 single dwelling houses. Catchment A contained 35 
houses and is the largest catchment with an area of 44,470m
2
, while the smallest 
catchment is Catchment C (6,530m
2
 area), with only 6 houses occupying the 
catchment. The total area of Catchment A, Catchment B and Catchment C is 
0.08km
2
. The percentage of impervious surfaces varies between 47% and 52%. The 
fraction of road and roof surfaces of Catchment A is very similar, while Catchment 
C has a lower fraction of road area compared to roof area. Details of the catchment 







  Monitoring station 
Stormwater flow 
 Chapter 4: Study Areas and Data Collection 74  






























6,530 3,400 52.0 15.0 37.0 
Note: IA – impervious area 
 
In terms of the spatial distribution of pervious surfaces, all the houses have their own 
gardens which are well-maintained. However, Catchment A has a big park and lawn 
area (refer Figure 4.3). The slope of the catchment is between 4% and 10% with 
Catchment A and B having relatively steeper slopes whilst Catchment C has a mild 
slope. It is postulated that the variations in catchment characteristics would influence 
the wash-off process, thus influencing first flush behaviour. Figures 4.4, 4.5 and 4.6 
illustrate the characteristics of Catchment A, Catchment B and Catchment C, 
respectively.  
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Figure 4.3: The impervious and pervious surfaces of Catchment A, Catchment 
B and Catchment C 
 
Figure 4.4: Typical street layout in Catchment A 
Park 
Lawn 
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Figure 4.5: Typical houses in Catchment B with part of Catchment A street  
 
Figure 4.6: Typical street layout in Catchment C 
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4.3 SAMPLE AND DATA COLLECTION 
Monitoring stations were installed at the outlet of the three catchments in order to 
collect stormwater runoff samples and to record rainfall-runoff data. Given below are 
detailed description of how the samples were collected and the research tools used in 
the study. 
 
4.3.1 Monitoring Station 
The monitoring stations at Coomera Waters were established in August 2007. The 
monitoring stations were designed and constructed by the Queensland Department of 
Environment and Resource Management (DERM). The rainfall-runoff monitoring, 
sample collection and analysis of stormwater quality were under the responsibility of 
DERM prior to June 2009. The computer station which is used to record all the data 
from the site and control the telemetry system was moved from DERM to QUT 
Gardens Point in June 2009. This included the responsibility for collecting 
stormwater samples, laboratory analysis for water quality and recording of rainfall 
and runoff data. 
Two rain gauges are installed in Coomera Waters, which were located in Catchment A 
and Catchment C. Each of the stations contained an ISCO automatic water sampler, a 
Campbell Scientific data logger, a solar regulator and a RF radio (refer Figure 4.7). All 
the equipment was located in custom-made housing in order to protect them from 
weather and to prevent vandalism.  
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Figure 4.7: Equipment included in a monitoring station (adapted from Parker 
(2010)) 
The monitoring stations were linked by a spread spectrum RF radio modem to the 
central monitoring station at the site which is located in Catchment A. The central 
monitoring station contains a GSM modem and data logger which serves as a ‘hub’ 
for sending the data collected at the site to the monitoring computer at QUT. An 
SMS alert is sent to a mobile phone via the modem from the monitoring stations 
when the automatic sampler is activated by a runoff event. Each monitoring station is 
powered by a 30W solar panel and two 10 amp 12V batteries wired in series to 
ensure that the power supply is not interrupted during cloudy periods. Figures 4.8, 
4.9 and 4.10 show the monitoring station in Catchment A, Catchment B and 
Catchment C, respectively. All the monitoring stations contained similar equipment 
with slight variation in the logger and telemetry equipment as shown in Table 4.2. 
CR 1000 data logger is used for the station with demanding processing power and 
data storage while CR211 data logger is installed at a site with less demanding 
requirements. For example, monitoring station at Catchment A uses a CR1000 data 
logger as it has to record rainfall and runoff data. 
Solar regulator 
ISCO water sampler 
RF411 spread spectrum 
radio modem 
Campbell Scientific CR1000 data logger 
Modem 
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Figure 4.10: A monitoring station in Catchment C 
 
Table 4.2: Details of the monitoring stations at Catchment A, Catchment B and 
Catchment C (adapted from Parker (2010)) 
Monitoring 
stations 
Catchment A Catchment B Catchment C 
Collected 
sample 
Down 1.4m x 1.4m 
x 2.8m access  
Down 1m x 0.5mx 1m 
access 
Attached to 300 
mm drain pipe 
Weir 90° weir 60° weir 70° weir 
Logger Campbell CR 1000 Campbell CR 211 Campbell CR 1000 
Autosampler ISCO 6712 ISCO 6712 ISCO 6712 
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4.3.2 Stormwater Sample Collection 
Stormwater samples could be collected either manually as grab samples or by using 
an automated sampler. Grab sampling is simple and does not require sophisticated 
equipment. However, it requires many personnel to collect the samples and can be 
difficult, particularly if there are many study sites being monitored as in Coomera 
Waters. Furthermore, the quick response of runoff to rainfall due to the ‘flashy’ 
nature of runoff experienced in Coomera Waters makes it very difficult to collect 
grab samples. Therefore, to overcome this problem, stormwater samples were 
collected using automatic samplers. In this research study, ISCO 6700s samplers 
were used to collect the stormwater samples from the outlet of the catchments. The 
basic components of an automatic sampler are: 
 A programming unit capable of controlling sampling functions; 
 A sampler intake port; 
 An intake line; and 
 A peristaltic pump. 
The automatic water sampler can be programmed to collect a single grab sample, a 
series of grab samples or composite sample/s. Due to the requirement of this 
research, discrete samples were collected to investigate the variation in water quality 
during a runoff event. The samples are collected in 1L plastic bottles and up to 24 
bottles can be collected. The sampler can also be programmed to collect the samples 
either based on time (time-weighted) or for a predefined flow rate (flow-weighted). 
In this research study, the automatic samplers have been set to collect samples based 
on predefined flow rate where the samplers are triggered when the flow reaches a 
pre-set depth at the weir. The sampling time is recorded and then transferred to the 
computer. The collected samples were transported back to the QUT laboratory, 
normally within 24 hours for laboratory analysis. Basically, there were three stages 
in collecting stormwater samples: 
 Fieldwork preparation; 
 Sample collection process; and 
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A. Fieldwork Preparation 
Preparatory activities before collecting the stormwater samples is very important as 
this will influence the data values obtained from the laboratory testing. This included 
washing the sample bottles. The bottles were acid washed with 3% hydrochloric acid 
by immersing for one day after a normal wash in a bottle washer. Then, the bottles 
were rinsed with de-ionised water three times to ensure they were sufficiently clean. 
pH of the bottles were also checked by using litmus paper to ensure the bottle was in 
neutral condition. 
 
B. Sample Collection Process  
The sample collection process involved transferring stormwater sample from the 
ISCO auto sampler to 1-L bottles pre-prepared as explained in Section 4.3.2(A) 
before all the samples were transported to QUT for water quality analysis. Prior to 
sample transfer, the ISCO sample bottle was inverted 4 times to ensure all the 
contents (especially particulate matter) were thoroughly mixed before the stormwater 
sample was poured into the bottle by using a funnel. The funnel was also rinsed with 
deionised water after the transfer to avoid contamination. It was also important to 
ensure that the neck of the bottles and insides of lids were not touched during the 
transferring process for the same reason mentioned above and this can be achieved 
by using gloves (refer Figure 4.11). After completing the collection of stormwater 
samples, the sample bottles were then labelled.  
 
C. Labelling, Storage and Transportation 
Each sample was labelled with a unique sample number including the date and time of 
the rainfall event and the catchment identification details. Then, the collected samples 
were preserved and placed in an esky filled with ice to refrigerate to a temperature of 
4ºC as described in the Australia/New Zealand Standards, Water Quality-Sampling 
(AS/NZS 1998). The samples were then transported back to QUT within the same day 
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Figure 4.11: Collecting stormwater samples: (a) removing the ISCO sampler 
lid; (b) labelling of samples; (c) transferring the samples to bottles for transport 
(note: the use of gloves to avoid contamination); (d) samples placed in esky 
filled with ice to maintain the specified temperature while being transported 
back for testing 
 
4.3.3 Runoff Measurement 
A V-notch weir was used to measure the runoff volume at the catchment outlet. It 
was installed either in the stormwater culvert (refer Figure 4.9) or at the inlet of the 
WSUD devices such as bioretention systems at Catchment C (refer Figure 4.12). The 
weir apparatus consisted of a weir box, baffles, face plate and pressure transducer 
(refer Figure 4.12). A weir box with dimensions of 400mm length, 30mm width and 
30mm height made of UV resistant plastic tub was used to measure the runoff 
volume. The use of a plastic weir box made the installation and calibration process to 
be carried out efficiently. Baffles were installed towards the back of the weir box to 
reduce flow velocity and create a still water body over the water level sensor in the 
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Figure 4.12: Details of a measurement weir installed at the catchment outlet 
 
A pressure transducer measured the water depth against the weir plate (see Figure 
4.12). In order to reduce the impact of the nappe on the height reading, the pressure 
transducer was installed as far back as possible from the weir face plate. The weir 
face plate was made of galvanised steel. As the characteristics of the outlet that 
measured the runoff for every catchment are different, different V-notch angles were 
used to measure the runoff. Details of the weir angle for each catchment can be 
found in as Table 4.2. By using the measured depth, runoff volume for a specific 
time period of the storm event can be determined by using a rating curve. Discharge 
that flows over the weir can be calculated using the Kindsvater-Shen discharge 
formula. This formula is recommended by the AS 3778.4.1 (AS 1991) for measuring 


















     [4.1] 
where; 
    discharge (m3/s); 
     discharge coefficient; 
    head above the weir crest (m); 
    gravitational acceleration (m/s); and 
  = vertex above the weir crest. 
 
4.3.4 Rainfall Data Collection 
Hyrological Sevices TB4 0.2 mm tipping bucket rain gauges were installed in two 
catchments; Catchment A and Catchment C (refer Table 4.2) to record rainfall data. In 
order to avoid birds from landing on the rain gauge and block it with faeces, the rain 
gauges were fitted with a bird guard as shown in Figure 4.13. Two types of rainfall 
data were collected from the rain gauge by the data logger. Rainfall data relating to 
individual tips which is 0.2 mm was collected. Additionally, the number of tips within 
6 minutes referred to as 6-minute interval rainfall data was also collected for data 
analysis purposes. 
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Figure 4.13: Rain gauge and solar panel installed at the monitoring station 
(adapted from Parker 2010) 
4.4 SUMMARY 
This chapter provides a description of the three study sites selected at Coomera 
Waters, Gold Coast in order to investigate the influence of rainfall and catchment 
characteristics on first flush. These study sites have different catchment 
characteristics, with established monitoring stations and also with long term 
historical rainfall – runoff and stormwater quality data. 
Sampling and data collection activities undertaken are also discussed in detail. The 
sampling activities included fieldwork preparation, sample collection, labelling, 
storage and transportation during the sampling process. In addition to that, a detailed 
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Chapter 5: Investigating First Flush 
Occurrence 
5.1 BACKGROUND 
The selection of appropriate first flush indicators and rainfall parameters is important 
for evaluating the parameters which influence first flush. The common practice for 
evaluating the influence of rainfall parameters on first flush is based on selecting a 
specific first flush indicator and its evaluation using event based rainfall parameters. 
For example, Li-Qing et al. (2007) selected percentage of load washed-off at 30% of 
runoff volume (referred to as FF30) as the first flush indicator, which was then 
evaluated using event based rainfall parameters such as rainfall depth, rainfall 
duration, maximum rainfall intensity and runoff volume. Similarly, Taebi and Droste 
(2004) investigated first flush using FF20 which is the percentage of pollutant load at 
20% of runoff volume. However, the validity of the study outcomes is questionable 
as the selected first flush indicator was for a specific runoff volume and very limited 
justification had been provided for its selection.  
Furthermore, the first flush indicators commonly used in past studies are varied, and 
without any uniformity in the definition such as the examples noted above (Lee et al. 
2002; Li-Qing et al. 2007; Taebi and Droste 2004). Consequently, this makes it 
difficult to gain a quantitative understanding of the first flush phenomenon and how 
it is influenced by various rainfall parameters. This underlines the importance of the 
selection of appropriate first flush indicators and the identification of suitable rainfall 
parameters to evaluate the influence of rainfall on first flush.  
Another important factor that has not been given adequate consideration by past 
researchers is the influence of rainfall pattern on the wash-off process and how this 
influences first flush behaviour. This is important as the wash-off process is 
influenced by rainfall intensity (Bujon et al. 1992; Mahbub et al. 2010; Yaziz et al. 
1989). Accordingly, taking the above into consideration, a suite of first flush 
indicators and rainfall parameters are introduced in this chapter in order to improve 
the understanding of the first flush phenomenon. 
 Chapter 5: Investigating First Flush Occurrence 88  
Prior to the identification of the first flush indicators and rainfall parameters, the 
selection of rainfall events used in the analysis is described in detail, including the 
criteria used in the selection, and the event based rainfall parameters. The 
methodology used for determining the new first flush indicators and rainfall 
parameters are also discussed. Finally, the investigation on first flush occurrence is 
discussed. 
 
5.2 SELECTION OF RAINFALL EVENTS FOR ANALYSIS 
Chapter 4 described the methodology adopted for stormwater sampling, rainfall data 
collection and the measurement of runoff during a rainfall event. However, in order 
to ensure the accuracy of the evaluation of influential parameters, the rainfall events 
were carefully evaluated prior to the selection for analysis. An important criterion in 
the selection of rainfall events was the availability of sufficient water quality samples 
during the occurrence of the runoff hydrograph. This was to ensure that a selected 
event represented the pollutant wash-off load distribution which will influence the 
accuracy of the analysis undertaken.  
Pollutant concentrations are more variable during the rising limb of the hydrograph 
and decreases relatively consistently along the falling limb. Therefore, it was 
important that sufficient water quality samples were available on the rising limb. In 
addition to that, the relatively small study catchment area and its ‘flashy 
characteristics’ result in accelerated response time to pollutant peak concentration. 
Therefore, the accurate depiction of the pollutant peak required samples to be 
collected at short time intervals and the availability of a sufficient number of 
samples. Accordingly, it was specified that a minimum of five water quality samples 
should be collected for a selected runoff event. 
The rainfall characteristics experienced in the study area can also influence the 
numbers of samples collected. One of the problems which arose during sample 
collection was the difficulty in identifying discrete rainfall events. The samples were 
collected using automatic samplers which were triggered by runoff depth. Therefore, 
if low flow prevailed for a period of time, there would be a relatively large time gap 
between samples. In order to overcome this problem, the maximum time gap 
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between collected samples was set for three hours to differentiate between two 
discrete or independent rainfall events. Accordingly, it was assumed that the water 
quality samples were collected from two different storm events. Additionally, it was 
important to ensure that there was no runoff between selected rainfall events to 
enable pollutant build-up. 
Based on the discussion above, the criteria for the selection of rainfall/runoff events 
were as follows: 
 In the resulting runoff events, a specified minimum number of water quality 
samples had to be collected. 
 The time gap between samples was set as three hours to distinguish between 
discrete or independent rainfall events. 
 No runoff should have occurred between selected rainfall events in order to 
allow for pollutant build-up. 
Out of 47 rainfall events sampled, only 13 events were identified as meeting the 
criteria detailed above and were selected for further analysis. From these 13 events, 
three events were identified as having suitable data for the analysis of all three 
catchments. The rest of the events comprised of data suitable for one or two 
catchments. Accordingly, the total number of sampling episodes selected for analysis 
was 23 storm events when considering all the three catchments. Table 5.1 
summarises the relevant rainfall parameters, namely, total rainfall depth (TD), 
rainfall duration (D), average intensity (AI), maximum intensity (MaxI), and the 
antecedent dry period (ADP) for the selected rainfall events. The numbering of the 
selected events and the applicable catchments for each of the event can also be found 
in Table 5.1.  
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TD (mm) D (min) AI (mm/hr) MaxI (mm/hr) ADP (hr)   
17/03/2008(1) 1 1.4 14 6 18 23.65 A1,B1, C1 
17/03/2008(2) 2 1.4 4 21 30 9.24 A2 
5/04/2008 3 0.8 4 12 12 216 A3 
17/4/2008 4 2.2 44 3 12 164 A4, B4, C4 
14/05/2008 5 3.2 26 7.38 18 396 A5, B5 
4/03/2009 6 3.2 48 4 24 24 A6, B6, C6 
11/02/2009(1) 7 2.6 12 13 30 202 A7, B7  
11/02/2009(2) 8 4.2 14 18 36 9 A8 
29/01/2010 9 5.8 44 7.9 36 3 A9 
16/3/2008 10 0.8 6 8 18 170.4 B10, C10 
6/04/2008 11 0.8 30 1.6 12 20 C11 
29/05/2008 12 5.8 52 6.69 18 16 B12, C12 
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5.3 DETERMINATION OF FIRST FLUSH INDICATORS 
As discussed in Section 2.7.2, there are several approaches available for defining 
first flush. Most common definitions are concentration based first flush (CBFF), 
mass based first flush (MBFF), and empirically based first flush (EBFF). In this 
study, MBFF method was selected as the most appropriate method for defining the 
first flush due to a number of reasons. Firstly, the pollutant load is considered as the 
most significant in the degradation of receiving waters rather than the pollutant 
concentration. Secondly, the use of relatively small catchments for the analysis suits 
MBFF rather than the other definitions. For the investigated catchments, the 
concentration peak typically appears almost at the beginning of the storm event 
followed by the peak for the pollutant mass. Therefore, having a number of data 
points essential for the accuracy of the analysis, leading up to the concentration peak 
is not practical, whereas this is possible when considering the peak for the pollutant 
mass.  
In MBFF, pollutant load washed-off during the storm event is evaluated. As first 
flush is typically defined as the wash-off of a relatively higher pollutant load during 
the early part of the runoff event, the analysis of the variation of cumulative pollutant 
load (L) vs. cumulative runoff volume (V) formed the first phase of assessment 
(refer Figure 5.1). Typically, the first flush is considered to exist when the LV curve 
is above the bisector line (denoted as B line), particularly at the initial part of the 
runoff volume (Geiger 1987; Lee et al. 2002). B line indicates the fraction of 
pollutant load washed-off from the surface with respect to the fraction of runoff 
volume exported from the catchment. Variation of LV versus V curve was used to 
derive first flush coefficients. In this regard, the mathematical equation presented in 
Equation 5.1 was used.  
             [5.1] 
Where, a is the first flush coefficient which can be computed by linear regression 
using Equation 5.2: 
                        [5.2] 
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  indicates the gap between the LV curve and B line and termed as strength of first 
flush. Detailed discussion of first flush coefficient can be found in Section 2.7.2.  
Therefore, the magnitude or the strength of first flush for different rainfall events, 
pollutant types and for different catchments can be evaluated based on the    value. 
 
 
Figure 5.1: An example of cumulative pollutant load, L vs. cumulative runoff 
volume, V 
Based on the advantages of adopting the MBFF method as discussed above, the first 
flush indicators were derived by plotting cumulative pollutant load vs. cumulative 
runoff volume curve.  
The typical method adopted in past studies is comparing LV curves for different 
rainfall events or selecting a specific runoff volume from the distribution load curve 
such as at 20% of runoff volume (or LV20). For example, Nazahiyah et al. (2007) 
and Huang et al. (2012) evaluated the influence of first flush based on the 
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studies adopted a single first flush indicator and evaluated with the event based 
rainfall using a standard statistical method such as the determination of the 
correlation coefficient. For example, Deletic (1998) evaluated the correlation of 
rainfall parameters such as rainfall duration, total rainfall depth, runoff volume, 
maximum rainfall intensity, and the length of dry period with the percentage of load 
transported during 20% of runoff volume (FF20).  
Taebi and Droste (2004) also investigated the correlation of the pollutant load 
transported during 20% of runoff volume with total rainfall depth, duration of 
rainfall, maximum rainfall intensity, average rainfall intensity and the average runoff 
volume based on the correlation coefficient. Similarly, Li-Qing et al. (2007) used a 
similar method to evaluate similar event based rainfall parameters with FF30 
(percentage of pollutant load transported during 30% of runoff volume). The 
findings were varied. The indicators thus derived often proved to be inadequate for 
investigating the dependency of first flush phenomenon on rainfall and catchment 
characteristics. Furthermore, the results are also questionable as the first flush 
indicator used was at the initial part of the rainfall event while the rainfall parameters 
were total event based parameters. This suggests that the conventional method in 
analysing the influence of rainfall on first flush is inadequate for providing reliable 
outcomes. 
Therefore, additional sets of first flush indicators were required in order to evaluate 
the influence of rainfall and catchment characteristics on first flush. Accordingly, 
there were two groups of first flush indictors derived using the LV curve, namely, 
LV and P. LV is the cumulative pollutant load for every 10% of runoff volume 
interval until 90% of runoff volume. For example, LV20 is the cumulative pollutant 
load washed-off from the beginning of the rainfall event until 20% of the runoff 
volume. Figure 5.2 details the derivation of the first flush indicators. The pollutant 
load washed-off at the maximum divergence was also derived from the LV curve. 
Maximum divergence is defined as the maximum gap between LV curve and B line 
(refer Figure 5.2). This group of first flush indicators is referred to as ‘interval first 
flush indicators’. For a selected event, LV variation indicates how wash-off behaves 
within the event. LV value increases from the beginning of the runoff as it is 
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cumulative and it can distinguish between a first flush and a non first flush event 
based on the load distribution curve (from LV10 until LV90).  
The second group of first flush indicators derived was the increment in pollutant load 
washed-off at 10% of runoff volume interval and referred to as ‘section first flush 
indicators’. For example, P2030 represents the percentage of pollutant load washed-
off between 20% and 30% of runoff volume (refer Figure 5.2). Similar to LV 
indicators, the percentage of pollutant load washed-off at the maximum divergence 
was also derived from the LV curve. 
By using section first flush indicators, the actual/exact percentage of pollutant load 
washed-off during the particular section of runoff volume is known and can be 
compared between different sections of runoff volume to identify which segment 
experienced high pollutant load removal from the catchment (as a percentage). 
Furthermore, by using P indicators, first flush events can be differentiated from the 
non first flush events as the first flush event should have a high P value for the 
section at the beginning of the runoff event. Table 5.2 lists the first flush indicators 
for the events used in the analysis. 
Total suspended solids, total phosphorus and total nitrogen were the pollutants 
investigated in this study. Both solids and nutrients were selected as they are 
recognised as among of primary pollutants that contribute to the degradation of 
urban receiving waters (Chiew et al. 1997; Sartor and Boyd 1972). Detailed 
discussions regarding the impacts of these pollutants in the deterioration of urban 
water quality can be found in Section 2.5. Table A.1 in Appendix A list the values 
for interval and section first flush indicators for all the 23 rainfall events, for TSS, 
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Figure 5.2: Example on the derivation of LV20, LV30, LVMAX, P2030 from 
cumulative pollutant load vs cumulative runoff volume curve 
 
Table 5.2: Interval and section first flush indicators 
Group First flush indicators 
Interval first flush indicators 
LV10, LV20, LV30, LV40, LV50, LV60, LV70, 
LV80, LV90, LVMAX. 
Section first flush indicators 
P0010, P1020, P2030, P3040, P4050, P5060, 
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5.4 DETERMINATION OF RAINFALL PARAMETERS 
5.4.1 Background 
The typical rainfall parameters used in the previous research studies were rainfall 
depth, rainfall duration, average rainfall intensity, maximum rainfall intensity and 
antecedent dry period. However, the use of these parameters for the investigation of 
first flush is not appropriate as these encompass the characteristics of entire rainfall 
event. Therefore, two new groups of rainfall parameters were introduced in this 
study; rainfall parameters for every 10% of runoff volume interval (referred to as 
interval rainfall parameters) and rainfall parameters between the 10% of runoff 
volume interval (section rainfall parameters). These parameter groups are identical to 
the two groups of first flush indicators described in Section 5.3. Furthermore, by 
using these parameters, the influence of rainfall pattern on first flush behaviour can 
be appropriately investigated.  
Rainfall depth, rainfall duration and rainfall intensity were determined for every 10% 
runoff volume interval and also for every section of runoff volume. As the interval 
rainfall parameters are in cumulative form, the parameters represent the cumulative 
values (rainfall depth, rainfall duration) or the average value of the rainfall from the 
commencement of rainfall until a particular percentage of runoff volume (rainfall 
intensity). For example, rainfall depth at 20% measures the rainfall depth from the 
beginning of the rainfall until to the point that produce 20% of the runoff volume (or 
RD20) while rainfall intensity at 20% of runoff volume (or AI20) measures the 
average intensity from the commencement of rainfall to 20% of runoff volume. The 
impact of rainfall parameters in a certain segment of a rainfall event can be evaluated 
by using section rainfall parameters as these are rainfall factors that are applicable 
for the 10% of runoff volume intervals. Furthermore, by using section rainfall 
parameters, the influence of the rainfall pattern on the percentage of wash-off can be 
evaluated. As an example, rainfall depth that occurred between  10% and 20% of the 
runoff volume (or RD1020) measures the rainfall depth  between 10% and 20% of 
runoff volume while rainfall intensity during 10 and 20% (AI1020) measures rainfall 
intensity between 10% and 20% of the runoff volume. Figure 5.3 shows the 
conceptual sketch of both, rainfall depth at 20% of the runoff volume for both 
interval (RD20) and section (RD1020) rainfall parameter groups. Similar to first 
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flush indicators, rainfall parameters at the maximum divergence were also 
determined and a detailed discussion regarding the maximum divergence can be 
found in Section 5.3. The length of the antecedent dry periods was also included in 












Figure 5.3: Illustration of the difference between interval and section rainfall 
parameters for rainfall depth (a) interval rainfall parameters, (b) section 

































































A. Interval rainfall parameters 
B. Section rainfall parameter 
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Table 5.3: Interval and section rainfall parameters 




o Average intensity (AI) - AI10, AI20, AI30, AI40, AI50, 
AI60, AI70, AI80, AI90, AI-MAX. 
o Rainfall depth (RD) - RD10, RD20, RD30, RD40, RD50, 
RD60, RD70, RD80, RD90 and RD-MAX. 
o Rainfall duration (D) – D10, D20, D30, D40, D50, D60, 





o Average intensity (AI) – AI0010, AI1020, AI2030, 
AI3040, AI4050, AI5060, AI6070, AI7080, AI8090, 
AIMAX. 
o Rainfall depth (RD) – RD0010, RD1020, RD2030, 
RD3040, RD4050, RD5060, RD6070, RD7080, RD8090 
and RDMAX. 
o Rainfall duration (D) – D0010, D1020, D2030, D3040, 




5.4.2 Methodology for Determining Rainfall Parameters 
Rainfall that falls on the catchment surface is subjected to various losses and the 
remainder of the rainfall generates runoff. By estimating the losses during the 
rainfall event, the excess rainfall that generated runoff at every 10% of runoff 
volume can be estimated. Figure 5.4 details the schematic diagram of the method 




























Figure 5.4: Schematic diagram of the methodology for determining the rainfall 
parameters 
 
A. Analysis of Rainfall and Runoff Data 
Rainfall and runoff data was analysed in order to determine the effective area that 
generated the runoff and the initial loss which occurred before runoff was generated. 
The analysis was carried out separately for the three different catchment areas. In 
general, runoff from an urban catchment can be generated from the impervious areas 
only or from the impervious and pervious areas depending on the rainfall depth 
Rainfall  
Analysis of rainfall and runoff data 
 Determination of effective area generating runoff  
  Determination of the initial loss 
 
Determination of runoff depth 
Runoff depth = runoff volume/catchment area 
 
Selection of loss model 
Determine the fraction of rainfall that generated the runoff 
after the losses 
 
Determination of interval rainfall parameters group 
 
Determination of section rainfall parameters group 
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received. Impervious area in an urban catchment can also be categorised as directly 
connected or not directly connected impervious area. Boyd et al. (1993) used an 
analytical approach to determine the fractions of directly and not directly connected 
areas by using rainfall depth vs. runoff depth plot as shown in Figure 5.5. The plot 
has been widely used in past studies particularly for determining the threshold 
rainfall depth that generates pervious area runoff (Boyd et al. 1994; Francey 2010; 













Figure 5.5: Rainfall and runoff plot to determine runoff generated from 
different catchment surfaces (adapted from Boyd et al. 1993) 
 
Table 5.4 gives the number of rainfall events for every catchment and the range of 
rainfall and runoff depth used in the analysis. As evident in Figure 5.5, the straight 
line (black line) represents the rainfall-runoff relationship in the absence of losses 
and the three lines below this line represents the runoff generated from directly 




I - Directly connected impervious runoff  
III – Pervious runoff 
II – Directly and not directly connected 
impervious runoff 
Rainfall depth  
Initial loss 
  
Chapter 5: Investigating First Flush Occurrence 101 
 
area. This plot was used for determining the effective area that generated runoff 
during a rainfall event.  
 
Table 5.4: Characteristics of rainfall analysed for rainfall-runoff analysis 
Catchments Catchment A Catchment B Catchment C 
No. of rainfall 9 7 7 
Rainfall depth (mm) 0.8 – 5.8 0.6 – 3.2 0.6 – 5.8 




Figure 5.6 shows rainfall depth vs. runoff depth plots for Catchment A, Catchment B 
and Catchment C. As observed in Figure 5.6, the pattern of rainfall depth vs. runoff 
depth plots for all the three catchments is not significantly different. In general, 
runoff was generated either from directly connected impervious area or from both 
directly and not directly connected impervious area (total impervious). The range of 
total rainfall for the selected events was between 0.6mm and 5.8mm, which was very 
small for pervious runoff to be generated. As noted by Liu (2011), runoff from 
pervious surface area is generated when the rainfall depth is more than 19mm depth 
in residential catchments in Gold Coast, Australia. This suggests that pervious 
surface runoff will only be generated for significant rainfall depth. Therefore, in this 
research study, rainfall events where only impervious area contributed to the 
generation of runoff was considered. The runoff depth was then determined by 
dividing the runoff volume by the impervious area.  
 




















































Rainfall depth (mm) 
A. Rainfall depth vs. runoff depth for Catchment A 








Figure 5.6 Rainfall depth vs. runoff depth for Catchment A, Catchment B and 
Catchment C 
 
B. Selection of Loss Model 
After determining the type of catchment surface that generated runoff for the 
selected rainfall events, and determination of the runoff depth, the loss model was 
selected. This was done in order to determine the net runoff generated from the 
rainfall. Various loss models are employed by researchers in order to replicate and 
simplify the loss process. Initial loss-continuing loss model and initial loss-
proportional loss models are two loss models commonly used in determining runoff 
losses. However, it is difficult to estimate the initial loss as it is influenced by the 
antecedent wetness of the catchment surface and the value varies between 
catchments and storm events (Boyd et al. 1993; Hill et al. 1998).  
The most common method used in determining the initial loss was by plotting 






















Rainfall depth (mm) 
Catchment C 
C. Rainfall depth vs. runoff depth for Catchment C 
Initial loss 
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5.5. However, as observed in Figure 5.5, the initial loss experienced for all the three 
catchments were very small and almost near to zero which was not significant to be 
taken as the initial loss. Therefore, the initial loss was not included in the loss 
calculation. To simplify the estimation of the runoff losses, proportional loss model 
was adopted in this study. In adopting the proportional loss model, it was assumed 
that a fraction of rainfall was lost during the storm event and the remainder generated 
runoff. Table 5.5 lists all the parameters used in determining the percentage of 





















 Chapter 5: Investigating First Flush Occurrence 105 





Total runoff Runoff depth, RD (mm) 






) TD (mm) TR (m
3
) (TR/IA)x1000 TD-RD (TL/TD)x 100 
A1 
21350 
1.4 8.95 0.42 0.98 70.05 
A2 1.4 12.93 0.61 0.79 56.75 
A3 0.8 5.99 0.28 0.52 64.93 
A4 2.2 15.79 0.74 1.46 66.37 
A5 3.2 23.58 1.1 2.09 65.49 
A6 3.2 21.32 0.99 2.2 68.8 
A7 2.6 14.06 0.66 1.94 74.68 
A8 4.2 47.03 2.2 1.99 47.55 
A9 5.8 66.38 3.11 2.69 43.4 
B1 
4890 
1.4 4.77 0.98 0.42 30.29 
B4 2.2 8.67 1.76 0.44 20.14 
B5 3.2 14.66 3 0.2 6.29 
B6 3.2 14.58 2.98 0.22 6.83 
B7 2.6 12.2 2.49 0.1 4.03 









Total runoff Runoff depth, RD (mm) 






) TD (mm) TR (m
3
) (TR/IA)x1000 TD-RD (TL/TD)x 100 
B13 
 
0.6 0.92 0.19 0.41 68.63 
C1 
3400 
1.4 2.16 0.53 0.77 54.7 
C4 2.2 4.32 1.27 0.97 42.25 
C6 3.2 6.67 1.96 1.24 38.7 
C10 0.8 2.04 0.6 0.2 24.91 
C11 0.8 0.49 0.14 0.66 81.99 
C12 5.8 16.37 4.81 0.99 16.99 
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C. Determination of Rainfall Parameters  
i. Interval Rainfall Parameters  
The excess rainfall depth which generated runoff was then determined for every 10% 
of runoff volume interval up to 90% of runoff volume. Similarly, the rainfall 
duration was also determined. However, it is important to note that the ability of 
rainfall energy to detach pollutants is due to the rainfall that falls on the catchment 
surface and not due to the effective rainfall (Deletic et al. 1997; Vaze and Chiew 
2003). Therefore, the rainfall depth used in the analysis for determining the rainfall 
that fell on the catchment during the storm event was the actual rainfall depth and 
not the effective rainfall depth. Rainfall intensity was obtained by dividing the 
rainfall depth by the rainfall duration. 
 
ii. Section Rainfall Parameters  
Determination of rainfall parameters for the section rainfall parameters was obtained 
based on the rainfall parameters data used for deriving the interval rainfall 
parameters. For example, the rainfall depth between 10% and 20% of runoff volume 
(known as RD1020) is the difference in rainfall depth between 10% and 20% of the 
runoff volume. A similar procedure was also applied for the determination of rainfall 
duration. The average rainfall intensity for a section of runoff volume was then 
obtained by dividing the total rainfall depth by the rainfall duration of the section of 
runoff volume. Table B.1 in Appendix B gives rainfall depth, duration and intensity 
data used for both, interval and section rainfall parameters. 
 
5.5 INITIAL INVESTIGATION OF FIRST FLUSH  
Categorising the selected events as first flush events and non first flush events is 
important prior to the detailed analysis of data sets. This required evaluation of every 
selected event. As discussed in Section 5.3, MBFF was selected as the method to 
determine first flush occurrence. In this analysis, the pollutant load distribution 
curves for rainfall events were plotted and the first flush coefficient was determined. 
Figures 5.7(a), 5.7(b) and 5.7(c) show the MV curves for all the sampling episodes 
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for TSS in Catchment A, Catchment B and Catchment C, respectively. The MV 
curves for TP and TN can be found in Appendix C. Table 5.6 tabulates the first flush 
coefficient, a values (for example aTSS using equation 5.2) and identifies the possible 
occurrence of first flush for TSS, TP and TN for all selected storm events. The 
experimental fitting between LV and M was satisfactory with the average correlation 
coefficient (r
2
) was 0.95 in determining the a value. Therefore, it can be concluded 
that results were reliable.  
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B. Variations of TSS LV curves for Catchment B 
 
 
C. Variations of TSS LV curves for Catchment C 
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Table 5.6: Identification of first flush occurrence for TSS, TP and TN for the 
selected events 
Pollutant
Event No. aTSS FF aTP FF aTN FF
A1 0.8194 YES 0.8291 YES 0.8901 YES
A2 0.7513 YES 0.9600 YES 0.8341 YES
A3 0.7668 YES 0.9004 YES 1.0129 NO 
A4 0.6155 YES 0.6910 YES 0.9048 YES
A5 0.7782 YES 0.8594 YES 0.9324 YES
A6 0.7075 YES 0.8213 YES 0.9094 YES
A7 1.1242 NO 1.0528 NO 1.0158 NO 
A8 0.7719 YES 0.5988 YES 0.8072 YES
A9 1.1451 NO 0.8900 YES 1.0704 NO
B1 0.8555 YES 0.9157 YES 0.9941 YES
B4 0.8197 YES 0.6793 YES 0.8125 YES
B5 0.8082 YES 0.7456 YES 0.8655 YES
B6 0.8714 YES 0.8313 YES 0.8252 YES
B7 0.7717 YES 0.7131 YES 0.9353 YES
B10 0.8169 YES 0.6106 YES 1.0161 NO 
B12 1.3793 NO 1.2224 NO 1.1623 NO 
C1 0.8890 YES 0.4114 YES 0.8317 YES
C4 0.9189 YES 0.7671 YES 0.9469 YES
C6 0.5174 YES 0.4158 YES 0.6584 YES
C10 1.3493 NO 1.2207 NO 1.0065 NO 
C11 0.6308 YES 1.1107 NO 0.9633 NO 
C12 0.6975 YES 0.6975 YES 0.9293 YES
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According to Figure 5.7(a), Figure 5.7(b) and Figure 5.7(c), there are variations in 
the LV curves. Most of the events exhibited first flush as the LV curve is above the 
bisector, as observed for example, for A1, B1 and C1 in Figures 5.7(a), 5.7(b) and 
5.7(c), respectively. However, there were several events where first flush had not 
occurred, for example, A9.  
As observed in Figures 5.7 and Table 5.6, the first flush existence is influenced by 
three primary factors; rainfall characteristics, pollutant type considered and 
catchment characteristics. This influence can be explained by three cases presented 
in Table 5.6. There are events where first flush is produced and events where first 
flush is not produced (for example A1 and A7). This indicates that rainfall 
characteristics influence the occurrence of first flush. For Events 1, 4, and 6, first 
flush occurred for all three catchments, whereas, for events 7 and 12, first flush 
occurred for all pollutants in one catchment but not in another. This suggests the 
possible influence of catchment characteristics on first flush occurrence. According 
to Events 7 and 12, first flush was observed in the smaller catchment. This is in 
agreement with past studies as researchers have noted that first flush frequently 
occurred in small catchments rather than in big catchments (Adams and Papa 2000; 
Lee et al. 2002). Detailed investigation of the influence of catchment characteristics 
can be found in Chapter 7.  
The existence of first flush is also influenced by the pollutant species. According to 
Table 5.6, the first flush effect which was observed for certain pollutants, may not 
exist for other pollutants for the same rainfall as observed for Events A3, A9, B10, 
C11 and C13. Based on the observations for these events, TSS consistently exhibited 
the first flush phenomenon except for Event A9  while TN did not indicate first flush 
occurrence. The possible reason for such behaviour requires further investigations. 
 
Table 5.7 summarises the frequency of first flush occurrence for all pollutants for all 
the study catchments. According to Table 5.7, 78% to 86% of the storm events 
selected show the existence of first flush for TSS for the three catchments. However, 
TN has low percentage of storm events with the occurrence of first flush, which is 
between 57% and 71%. Among the three pollutants, TP has the widest range of 
storm events with first flush occurrence, which is between 57% and 89%. 
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Table 5.7: Percentage of first flush existence for TSS, TP and TN for the study catchments 




FF exist  
(no of events) 
FF exists (%) 
FF exist  
(no of events ) 
FF exists (%) 
FF exist  
(no of events) 
FF exists 
(%) 
A 9 7 78 8 89 6 67 
B 7 6 86 6 86 5 71 
C 7 6 86 4 57 4 57 
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These results further highlight the limitation of undertaking conventional data 
analysis. In the analysis undertaken above, the interpretation of the result was only 
based on the observation of the LV curves and the first flush coefficient. However, 
the limitation can be overcome by adopting multivariate methods for data analysis. 
Furthermore, first flush behaviour is the resultant of multiple factors and cannot be 
accurately evaluated using single indicators. It was evident from the literature review 
undertaken, that the application of multivariate technique for analysing first flush 
influential parameters has not been explored by past researchers. 
Although there are several multivariate analytical methods that can be adopted, 
PROMETHEE and GAIA were selected as the most appropriate for the envisaged 
data analysis. PROMETHEE is able to analyse limited data sets. This situation arose 
due to the limited number of rainfall events that met the study requirements as 
outlined in Section 5.2. Furthermore, the relationship between first flush indicators 
and the rainfall parameters can be evaluated based on the GAIA biplot. 
 
5.6 SUMMARY 
A comprehensive set of first flush indicators and rainfall parameters have been 
developed and introduced in this chapter. This was to ensure that the further 
evaluation of influential parameters on first flush are investigated using the 
appropriate parameters. The methodology used to determine both, the first flush 
indicators and rainfall parameters were discussed in detail. Initial investigation of 
first flush occurrence for TSS, TP and TN for all the 23 sampling episodes was 
undertaken in this chapter. The analysis revealed that the existence of first flush 
varies due to variations in the characteristics of rainfall events, catchments and 
pollutants. However, the detailed investigation of these influential parameters is 
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Chapter 6: Influence of Rainfall 
Characteristics on First Flush 
6.1 BACKGROUND 
Rainfall characteristics play an important role in the first flush phenomenon, 
although the role of these characteristics is not clearly understood due to inconsistent 
findings in research literature. This is related to the selection of the first flush 
indicators and rainfall characteristics used in research studies, which influences the 
accuracy of the results derived as discussed in Chapter 5.  
This chapter evaluates the influence of rainfall characteristics on first flush using two 
first flush indicators introduced in Chapter 5; namely; the interval first flush 
indicator (LV) and the section first flush indicator (P), for total suspended solids 
(TSS), total phosphorus (TP) and total nitrogen (TN). The interval first flush 
indicator measures the cumulative percentage of pollutant wash-off load in 10% 
increments, while the section first flush indicator measures the percentage of 
pollutant wash-off load in 10% runoff volume intervals. To ensure the accuracy of 
the analysis, the corresponding rainfall parameters for both indicators were also 
utilised. 
The analysis was methodically undertaken investigating the characteristics of rainfall 
parameters and first flush indicators individually before combining both the first 
flush and rainfall parameters. Due to the complexity of the analysis and the wash-off 
behaviour represented by the LV and P indicators, the impact of rainfall 
characteristics was investigated by analysing the LV and P indicators separately with 
the corresponding rainfall parameters. Fundamental knowledge was created relating 
to the rainfall characteristics that influence first flush based on the detailed analysis 
undertaken.  
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6.2 ANALYSIS OF RAINFALL CHARACTERISTICS 
The analysis presented in this section investigated common behaviour and the 
suitability of the rainfall characteristics used. 
6.2.1 Data and Pre-processing 
Prior to analysing the impact of rainfall characteristics on first flush, the relationship 
between the rainfall parameters was investigated. This was done by only analysing 
the rainfall parameters. The two sets of rainfall parameters introduced in Chapter 5 
were the interval rainfall parameters and section rainfall parameters. A detailed 
explanation of these two sets of rainfall parameters can be found in Section 5.4.   
Table 6.1 lists both sets of rainfall parameters used in the analysis. Additionally, the 
length of the antecedent dry period (ADP) for every sampling episode was included 
in the data matrix, which resulted in 61 rainfall parameters. The 23 rainfall events 
selected in Section 5.2 were used for the analysis. A data matrix of 23 objects and 61 
variables was generated. The PROMETHEE and GAIA methods were selected as the 
analytical tools to investigate the relationship between the rainfall parameters. A 
detailed discussion of PROMETHEE and GAIA can be found in Section 3.4.2. In the 
analysis, only GAIA biplot results were evaluated because the main objective of this 
analysis was to investigate the relationship between the rainfall parameters rather 
than the ranking of the events. 
As discussed in Section 3.4.2, PROMETHEE requires three modelling parameters 
for each variable, namely, ranking sense, preference function and a weighting. The 
variables (rainfall parameters) were maximised so that the event with the highest 
rainfall depth, average intensity and duration was ranked first in the PROMETHEE 
analysis. The preference function selected for all variables was the V-shape function, 
which required a threshold value. The maximum of each data column was selected as 
the preference threshold (Ayoko et al. 2007; Hengren et al. 2005; Vaze and Chiew 
2004). All variables were given the same weighting; therefore, no variable was 
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Table 6.1: Interval and section rainfall parameters 




o Average intensity (AI) - AI10, AI20, AI30, AI40, AI50, 
AI60, AI70, AI80, AI90, AI-MAX. 
o Rainfall depth (RD) - RD10, RD20, RD30, RD40, RD50, 
RD60, RD70, RD80, RD90 and RD-MAX. 
o Rainfall duration (D) – D10, D20, D30, D40, D50, D60, 





o Average intensity (AI) – AI0010, AI1020, AI2030, 
AI3040, AI4050, AI5060, AI6070, AI7080, AI8090, 
AIMAX. 
o Rainfall depth (RD) – RD0010, RD1020, RD2030, 
RD3040, RD4050, RD5060, RD6070, RD7080, RD8090 
and RDMAX. 
o Rainfall duration (D) – D0010, D1020, D2030, D3040, 




6.2.2 Analytical Outcomes 
Figure 6.1 displays the outcomes of the analysis. As shown in Figure 6.1(a) and (b), 
the objects (rainfall events) are loaded in a scattered manner based on the variability 
of the indicators used. This suggests the highly variable nature of the rainfall events 
in terms of the selected rainfall characteristics. For example, rainfall events with a 
high rainfall depth, long rainfall duration with low rainfall intensity (A4, B4, C4, A6, 
B6, C6) are loaded on the +ve PC1 and +ve PC2 axes (refer Figure 6.1(a)). Events 
with high rainfall depth, long duration rainfall, with high rainfall intensity (A5, B5, 
A7, A8) are loaded on –ve PC1 and +ve PC2 axes. This suggests that the monitored 
storm events represent adequate variability in terms of their characteristics that have 
the potential to influence first flush. It can also be noted that the objects originating 
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from the three different catchments for the same rainfall event are clustered although 
the rainfall parameter values are different due to differences in the catchment 
characteristics. For example, objects A4, B4 and C4 resulting from the same rainfall 
event are clustered. This suggests that the variable sets selected in the analysis 
undertaken in Chapter 5 are suitable for the analysis of the influence of catchment 
characteristics on first flush.  
According to Figure 6.1(b), both the interval and section rainfall characteristic 
groups are clustered. As an example, the average intensity (AI) parameters for both 
groups are loaded on the –vePC2 axis, while the rainfall duration (D) and rainfall 
depth (RD) parameters are loaded on the +vePC1 axis. As can be noted in Figure 
6.1(b), RD for both interval and section groups is strongly correlated and shown as 
one vector only. This suggests that RD values are very similar for all rainfall events. 
Therefore, using an average value of RD is more practical than using a different RD 
value for every interval or every section of runoff volume. However, the selection of 
the other rainfall parameters for the next analysis was conducted after the 
investigation of first flush indicators in order to ensure that the identification would 
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Figure 6.1: GAIA biplot for investigating the relationship between rainfall 
parameters, (a) objects and variables, (b) variables only  






RD for both 
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6.3 INFLUENCE OF RAINFALL CHARACTERISTICS ON TSS FIRST 
FLUSH 
6.3.1 Analysis of TSS First Flush Indicators  
Similar to the analysis undertaken for rainfall characteristics, it was important to 
understand the behaviour and correlation between first flush indicators. Two groups 
of first flush indicators were selected for the analysis; interval first flush indicators 
and section first flush indicators. A detailed discussion regarding both first flush 
indicators can be found in Section 5.3. Twenty first flush indicators were derived for 
each sampling episode. Table 6.2 lists the first flush indicators used in the analysis. 
Similar to the analysis in Section 6.2, all 23 sampling episodes were used in the 
analysis using PROMETHEE. As in Section 6.2, the variables were maximised so 
that the event with the highest LV and P was ranked first. The V-shape preference 
function was selected which requires a threshold value and in this case, maximum of 
each data column was selected. All the variables were given the same weighting; 
therefore, no variable was favoured over others. As in Section 6.2, only the GAIA 
biplot was used to evaluate the characteristics and relationship of the first flush 
indicators. Figure 6.2 presents the resulting GAIA biplot. 
 
 
Table 6.2 Interval and section first flush indicators 
Set First flush indicators 
Interval first flush indicators 
LV10, LV20 LV30, LV40, LV50, LV60, 
LV70, LV80, LV90, LVMAX. 
Section first flush indicators 
P0010, P1020, P2030, P3040, P4050, 
P5060, P6070, P7080, P8090, PMAX. 
 
  
Chapter 6: Influence of Rainfall Characteristics on First Flush 121 
 
Figure 6.2: GAIA biplot for investigating the TSS first flush indicators, (a) 
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As evident in Figure 6.2 (b), the P variables are loaded separately into two 
categories. The P variables from the beginning of the runoff volume up to 50% are 
loaded on the +ve PC1 axis. In contrast, the later part of P variables and PMAX are 
loaded on –ve PC1 axis. This suggests that the wash-off processes in terms of the P 
variables during the first 50% of the runoff volume are significantly different 
compared with the later runoff volume.   
In contrast to the P variables, all the LV variables are loaded clockwise starting from 
+ve PC2 to –ve PC2 axis for LV10, LV20, LV30, LV40, LV50, LV60, LV70, LV80, 
LV90 and LVMAX on the +ve PC1 axis. This suggests that objects loaded on the 
+ve PC1 axis are objects with high wash-off load particularly for the first 50% of the 
runoff volume (refer to Figure 6.2(a), in contrast with the wash-off behaviour for 
objects loaded on the opposite axis. Based on these observations, it can be concluded 
that both the P and LV indicators describe different characteristics of the first flush 
phenomenon and both first flush indicators were considered for further analysis.  
 
6.3.2 Preliminary Analysis of the Influence of Rainfall Characteristics on First 
Flush 
The selected rainfall parameters and first flush indicators in Section 6.2 and 6.3.1 
were analysed using the sampling episodes as objects and first flush indicators and 
rainfall parameters as variables. The data matrix of 23 objects and 81 variables was 
submitted to PROMETHEE and GAIA analysis. A detailed explanation of 
PROMETHEE and GAIA can be found in Section 3.3.2. 
Prior to analysis, the variables were maximised, so that the events with the highest 
AI, RDAVERAGE, D, ADP, LV and P was ranked first in PROMETHEE analysis. 
The V-shape preference function was selected which requires a threshold value. In 
this case, the maximum of each data column was selected as the preference threshold 
(Ayoko et al. 2007; Hengren et al. 2005; Vaze and Chiew 2004). All variables were 
given the same weighting and therefore no variable was favoured over others. Figure 
6.3 displays the resulting GAIA biplot with a total data variance of 51.5% which 
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explains the influence of rainfall parameters on first flush. Figure 6.3(a) displays 
both objects and variables while only variables are displayed in Figure 6.3(b). 
As evident in Figure 6.3(a) and Figure 6.3(b), the presence of many variables 
(rainfall parameters and first flush indicators) in the analysis resulted in a very 
complex GAIA biplot. Therefore, it was considered more appropriate to analyse the 
impact of rainfall characteristics on the LV and P variables separately. Additionally, 
the LV and P variables represent two different aspects of first flush which means that 
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Figure 6.3: Objects loading and correlation between variables in preliminary 
investigation of the influence of rainfall characteristics on TSS first flush using 
all sampling episodes, rainfall parameters and first flush indicators, (a) objects 
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The LV variables are the percentages of solids washed-off at 10% runoff volume 
intervals from the beginning of a rainfall event (interval first flush indicators). 
Therefore, the corresponding rainfall parameters used for the analysis were also from 
the same group (interval rainfall characteristics). In contrast, the P variables are the 
percentages of solids washed-off between 10% intervals and the corresponding 
rainfall parameters used in the analysis were also from the same group which were 
section rainfall characteristics. The length of the antecedent dry period (ADP) for 
every event was also included in the analysis. Table 6.3 details the first flush 
indicators and the corresponding rainfall parameters for further investigation of the 
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Table 6.3: The first flush indicators and corresponding rainfall parameters used 
for individual analysis to investigate the influence of rainfall characteristics on 
first flush 
Analysis First flush indicators Rainfall parameters 
Impact of rainfall 
characteristics on first 
flush using LV 
indicators 
Interval first flush 
indicators - LV10, LV20, 
LV30, LV40, LV50, 
LV60, LV70, LV80, 
LV90, LVMAX  
Interval rainfall 
parameters -AI10, AI20, 
AI30, AI40, AI50, AI60, 
AI70, AI80, AI90, AI-
MAX, RDAVERAGE, 
RD-MAX, D10, D20, 
D30, D40, D50, D60, 
D70, D80, D90, D-MAX. 
Impact of rainfall 
characteristics on first 
flush using LV 
indicators 
Section first flush 
indicators - P0010, P1020, 
P2030, P3040, P4050, 
P5060, P6070, P7080, 
P8090, PMAX. 
Section rainfall parameters 
- AI0010, AI1020, 
AI2030, AI3040, AI4050, 
AI5060, AI6070, AI7080, 
AI8090, AIMAX, 
RDAVERAGE, RDMAX, 
D0010, D1020, D2030, 
D3040, D4050, D5060, 
D6070, D7080, D8090, 
DMAX. 
 
Note: ADP for every sampling episode included in the data matrix 
 
6.3.3 Investigation of the Influence of Rainfall Characteristics on First Flush 
using LV Indicators 
a. Identification of First Flush Behaviour using LV Indicators 
In this analysis, LV was used as the first flush indicator to determine first flush 
behaviour. As defined by past reseachers, the first flush phenomenon exists if the 
percentage of load (LV) leaving the catchment is higher compared to the percentage 
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of runoff volume, particularly in the early part of the rainfall event. Therefore, 
LMAX was not included in the analysis as it measures the percentage of pollutant 
washed-off at the maximum divergence (LVMAX). 
The data matrix of 23 x 9 (consisting of 23 rainfall events and 9 LV variables) was 
submitted to PROMETHEE and GAIA analysis. Similar to the previous analyses, the 
variables were maximised, so that the highest LV was ranked first. The V-shape 
function was selected which requires a threshold value. The maximum value for each 
variable was selected as the threshold value and all the variables were given the same 
weighting, thus no variable was favoured over others. It is important to note that, the 
main objective of this analysis was to investigate the correlations between LV 
variables, and thus to identify first flush behaviour. Therefore, only the GAIA biplot 
result were used for discussion. Figure 6.4 shows the classification of first flush 
behaviour using the LV variables. 
 
 
Figure 6.4:  Classifications of first flush behaviour using LV indicators for TSS 
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The GAIA biplot in Figure 6.4 shows the object loadings and variation of LV 
variables. As evident in the figure, the vectors of the LV variables are loaded 
anticlockwise starting from the –ve PC2 axis to the +ve PC2 axis for LV10, LV20, 
LV30, LV40, LV50, LV60, LV60, LV70, LV80 and LV90. LV10 shows a strong 
correlation with LV20, some correlation with LV30, and no correlation with LV40. 
This indicates that the cumulative solids wash-off load during 10% of the runoff 
volume has no influence when the cumulative load reaches 40% of the runoff 
volume. Deviation of LV20, LV30 and LV40 from the LV10 vector suggests 
possible differences in wash-off patterns for the first 10% of the runoff event and 
subsequent wash-off of 10% to 40%.  
The lengths of the vectors decrease in the sequence of LV10 to LV90, indicating that 
the wash-off during the initial part of a storm event is the most influential in relation 
to first flush. Therefore, it can be concluded that the percentage of wash-off load 
during the first 10% of the runoff volume plays a significant role in influencing first 
flush for any given event. Based on the fact that, the influence of wash-off in the first 
10% diminishes when it reaches cumulative runoff volume of 40%, it can be 
considered that the effect of first flush lasts until 40% of the runoff volume. 
Therefore, the occurrence and characteristics of first flush can be determined by 
assessing the pollutant loads in the first 40% of the runoff volume with the rest of the 
event. Based on these findings, it can be concluded that the common definition of 
first flush exists only at a specific runoff volume such as 80% of the pollutant mass 
needs to be transported, say, in the first 30% of the runoff volume is not valid 
(Bertrand-Krawjeski et al. 1998).  
In Figure 6.4, the objects are primarily spread along the PC1 axis with variables 
loading on the PC2 axis. Since the LV10 to LV40 vectors are pointed towards the 
+ve PC1 axis, the objects located on +ve PC1 can be considered as having high 
magnitude first flush. These objects are marked as Cluster A. According to Figure 
6.4, it is obvious that objects A7 and B13 of Cluster C are located a distance away on 
the –ve PC1 axis and separated from other events. Both events were identified in 
Chapter 5 as events without first flush. This analysis further confirmed the results 
presented in Chapter 5. However, other events loaded on the –ve PC1 axis can be 
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classified as events with low magnitude first flush based on cumulative load analysis 
(Cluster B). 
Based on the understanding developed by analysing the GAIA biplot in Figure 6.4, 
the events relating to Clusters A, B, and C were plotted as percentage of solids load 
vs. percentage of runoff volume as shown in Figure 6.5. This was done to investigate 
the differences in wash-off behaviour for each cluster in a qualitative sense. The LV 
curve for Cluster A in Figure 6.5 shows a high positive gradient between 0% and 
40% of the runoff volume. Similarly, Cluster B also has a positive gradient between 
0% and 40% of the runoff volume but not as high as Cluster A. However, the 
positive gradient of Cluster C occurs between 70% to 90% of the runoff volume. 
These observations prove that the wash-off process varies within the rainfall event 
and it can result in events with high magnitude first flush, events with low magnitude 
first flush or events without first flush.  
The identification of three different clusters has implication in stormwater treatment 
as the treatment system should be focused more on the events which produce high 
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Figure 6.5: Wash-off behaviour for events of Clusters A, B and C 
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b. Analysis of the influence of rainfall characteristics on first flush using LV 
indicators  
A data matrix (23 x 33) was submitted to PROMETHEE to investigate the impact of 
rainfall characteristics on LV. This analysis considered 23 sampling episodes as the 
objects while 10 interval first flush indicators and 23 interval rainfall parameters 
(refer to Table 6.3) were the variables. As in the previous analysis, the variables 
were maximised, so that the event with the highest AI, RDAVERAGE, D, ADP, and 
LV was ranked first in PROMETHEE analysis. The V-shape function was selected 
which requires a threshold value. In this case, each variable was set to the maximum 
value. All the parameters were given the same weighting and therefore, no variable 
was favoured over others.  
Figures 6.6(a) and 6.6(b) show the GAIA biplot for the objects and variables loading 
and variables loading only, respectively. As observed in Figure 6.6(b), the LV 
variables are correlated. It is also observed that LV10 has the shortest length and 
there is significant increment in LV20 length. However, the length of LV20 and the 
other LV variables are similar. This suggests that the LV variables are influenced by 
the initial LV variables of LV10 and LV20. As LV variables are cumulative, the LV 
value therefore will be increasing with runoff volume; that is if LV is high at the 
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Figure 6.6: Objects loading and correlation between variables for investigating 
the influence of rainfall characteristics on first flush using interval first flush 
indicators, LV and interval rainfall parameters for TSS, (a) objects and 
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Figure 6.6 (b) shows LV variables and rainfall parameters loading in a clockwise 
manner and according to percentage by volume. This suggests that there is possible 
influence of rainfall characteristics on first flush. As observed in Figure 6.6(b), only 
ADP is correlated with all the LV variables while other parameters such as AI, 
RDAVERAGE and D are correlated with some of the LV variables. This is due to 
the fact that the LV indicators and rainfall parameter values are in cumulative form. 
The value of the indicators increases with increasing runoff volume. As a result, the 
actual impact of rainfall characteristics on the TSS load washed-off is not known. 
This suggests the limited importance of LV as a variable in explaining the influence 
of rainfall parameters on first flush. Therefore, it was necessary to further investigate 
the impact of rainfall characteristics using the P variable.  
 
6.3.4  Investigation of Rainfall Characteristics Influence on P 
a. Identification of First Flush Behaviour based on P  
The identification of first flush behaviour using P variables was investigated by 
submitting a data matrix of 23 x 9; consisting of all 23 sampling episodes and 9 
section first flush indicators (refer Table 6.3) to PROMETHEE analysis. It was 
hypothesised that events experiencing first flush have high P values at the initial part 
of the runoff volume and a non-first flush event has a high P at the end of runoff 
volume. Figure 6.7 displays a GAIA biplot of the variation of wash-off behaviour 
using the P indicators. 
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Figure 6.7: Wash-off behaviour of Cluster A, Cluster B and Cluster C using P 
indicators 
 
As evident in Figure 6.7, P variables are loaded anti-clockwise from the –ve PC1 to 
+ve PC1 axis. The variables are separated into two characteristics. The first group of 
P variables is during the first 50% of runoff volume. These variables are loaded on 
the -ve PC1 axis. In contrast, the remainder of P variables are loaded on +vePC1 
axis, suggesting that in general, the wash-off process is different during the first 50% 
of runoff volume, compared to the rest. It can be observed that P0010 is only 
correlated with P1020 with no correlation with the remainder of the P variables 
loaded on the –ve PC1 axis. However, P1020 has a strong correlation with P2030 
and P3040 and a weak correlation with P4050. This suggests that the wash-off rate 
during 10% to 20% of the runoff volume is influenced by the initial wash-off process 
(P0010). However, P0010 does not influence the wash-off rate beyond the 20% of 
the overall runoff volume.  
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Figure 6.7 shows objects primarily spread on the PC1 axis either on +ve PC1 axis or 
–ve PC1 axis. These objects are highly influenced by P1020, P6070, P7080 and 
P8090, moderately influenced by P0010, P2030, and P3040 and very little influenced 
by P4050, and P5060. Since P1020, P0010, P2030, and P3040 point towards the –ve 
PC1 axis, these objects were therefore considered as objects with high magnitude 
first flush. These are identified as Cluster A. In this cluster, it is observed that C6 is 
loaded on the +ve PC1 axis due to P6070, P7080, and P8090. However, it was 
categorised as high magnitude first flush as it has a very significant loading on the 
+ve PC2 axis due to P0010, compared to P6070, P7080 and P8090.  
As in the analysis in Chapter 5 and Section 6.3.3, the events that produce no first 
flush are loaded separately from the rest of the events. As observed in the GAIA 
biplot in Figure 6.7, objects that produce no first flush are demarcated as Cluster C. 
This indicates that they have a high percentage of solids wash-off after 70% of the 
runoff volume. This means that these events experience a high wash-off rate at the 
end of the event. However, objects spread on the +ve PC1 axis, are events with a 
first flush but of low magnitude. The objects in this cluster are marked as Cluster B. 
The analysis further confirmed that there are three different types of wash-off 
behaviour in terms of the solids wash-off and further confirmed the findings in 
Section 6.3.3(a).  
 
  
b. Analysis of Influence of Rainfall Characteristics on First Flush using P 
Indicators  
A data matrix (23 x 33) was submitted to PROMETHEE analysis. All 23 sampling 
episodes were the objects while 10 section first flush indicators and 23 section 
rainfall characteristics as listed in Table 6.3 were the variables. The variables were 
maximised, so that the event with highest AI, RDAVERAGE, D, ADP, and P was 
ranked first in PROMETHEE analysis. The V-shape preference function was 
selected which requires a threshold value. In this case, each variable was set to 
maximum value. Finally, all the variables were given the same weighting and 
therefore no variable was favoured over others. Figures 6.8(a) and 6.8(b) show the 
GAIA biplots for objects and variables and variables only, respectively. 
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Figure 6.8: Objects loading and the correlation between variables using section 
first flush indicators (P) and section rainfall parameters, (a) objects and 
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As seen in Figure 6.8(b), the P variables up to initial 50% of the runoff volume are 
loaded separately from the subsequent 50% of runoff volume. This further confirmed 
the findings of Sections 6.3.1 and 6.3. The initial P variables are loaded on the –ve 
PC1 axis. In contrast, the end P variables are loaded on the +ve PC1 axis, suggesting 
different behaviour in the wash-off process at the initial and end part of the rainfall 
event. This suggests that the wash-off behaviour influenced by the rainfall 
characteristics would need further investigation.  
Figure 6.8 (b) indicates that ADP correlates with the P variable to only 50% of the 
runoff volume while rainfall intensity is only correlated with P after 10% of the 
runoff volume. This suggests a high fraction of weakly adhered solids available on 
the catchment surface. The weakly adhered solids may wash-off irrespective of the 
magnitude of the rainfall intensity. However, as the runoff increases, the amount of 
weakly adhered solids is diminished from the surface, exposing solids strongly 
adhered to the surface. Consequently, the wash-off process becomes dependent on 
the kinetic energy of the rainfall. 
Figure 6.8 (b) also shows that RDAVERAGE influences the P variables after 50% of 
the runoff volume. This suggests that rainfall intensity and rainfall depth influence 
the wash-off process after 50% of the runoff volume. Based on these observations, it 
can be concluded that the wash-off process depends on solids and rainfall 
characteristics. The percentage of TSS wash-off at the maximum divergence 
(PMAX) is correlated with all rainfall parameters (AIMAX, RDMAX, DMAX). This 
suggests that the percentage of wash-off load at the maximum divergence depends 
on the intensity, duration and depth of the rainfall. 
As evident in Figure 6.8 (a), all the objects are loaded in a scattered manner and are 
not clustered according to the catchment. This suggests the dominant influence of the 
rainfall characteristics on the wash-off process compared to the catchment 
characteristics. Therefore, it can be concluded that rainfall characteristics influence 
the wash-off process. However, it is important to note that the analysis carried out 
involved all the rainfall events. This means that the analysis included events which 
were not experiencing first flush. This might have influenced the accuracy of the 
analysis and is confirmed by the low total data variance (40.9%) accounted for in 
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Figure 6.8. Therefore, further investigation of the rainfall events according to the 
clusters identified in Section 6.3.4 (a) was required.  
 
6.3.5 Influence of Rainfall Characteristics on First Flush Behaviour 
i. Selection of First Flush Indicators and Clusters 
In order to investigate the rainfall characteristics that produce events with the first 
flush phenomenon, it was essential to analyse events with similar wash-off 
behaviour. For example, the characteristics of rainfall that produce a first flush might 
be different compared to rainfall characteristics that do not produce a first flush. As 
observed in the analysis in Sections 6.3.3 (a) and 6.3.4 (a), events were well 
separated into three clusters as follows; either the first flush is high in magnitude, the 
first flush is low in magnitude and the events which did not experience first flush. In 
the previous analyses, there were two sets of first flush indicators (LV, P) used for 
the detailed investigation of the influence of rainfall characteristics on first flush. 
However, it is important to note that both LV and P represent two different first flush 
characteristics and thus could generate two different outcomes. 
As explained in Chapter 5, LV variables are cumulative, which is the percentage of 
solids washed-off from the beginning of the rainfall. Thus, the corresponding rainfall 
parameters are also cumulative values (for example, duration) or average values (for 
example, average intensity) from the beginning of the rainfall event. Consequently, 
the impact of the rainfall characteristics that washed-off the pollutant load at a 
specific runoff volume is not readily known. In contrast, P measures the actual solids 
washed-off at 10% runoff volume intervals. Therefore, by using P, characteristics of 
the wash-off process due to the influence of rainfall characteristics can be 
understood. Based on these factors, the clusters formed in Section 6.3.4(a) were 
selected for the analysis. 
 
ii. Selection of Representative Variables 
According to Figures 6.8(a) and 6.8(b), the GAIA biplot is quite complex and there 
is strong correlation between the variables. As noted by Egodawatta et al. (2006), too 
many correlating variables will overshadow the critical variables that influence the 
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first flush. Therefore, it was decided to select two representative variables as first 
flush indicators and rainfall characteristics at the initial, middle and at the end of the 
runoff volume. Similar to the analysis in Section 6.3.2, RDAVERAGE was used due 
to very strong correlation between the variables. As there are only two objects/events 
available in Cluster C, the investigation was conducted by comparing the rainfall 
hyetograph and LV curve. Table 6.4 lists all the representative variables selected for 
the analysis. 
 
Table 6.4:Representative variables of first flush indicators and corresponding 
rainfall parameters for evaluating the impact of rainfall characteristics on first 
flush for Cluster A and Cluster B 
First flush indicator Rainfall parameters 
P0010, P1020, P3040, P4050, 
P7080, P8090, LVMAX 
RDAVERAGE, RDMAX, D0010, 
D1020, D3040, D4050, D7080, D8090, 
DMAX, AI0010, AI1020, AI3040, 




iii. Investigation of Rainfall Characteristics Influence on First Flush Behaviour 
a. Cluster A 
A data matrix (13 x 24; consisting of 13 sampling episodes, 7 section first flush 
indicators and 17 section rainfall parameters) of Cluster A as identified in Figure 6.7 
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Figure 6.9: Objects loading and correlation between variables for the 
investigation of the influence of rainfall characteristics on TSS for Cluster A 
using representative first flush indicators and rainfall parameters, (a) objects 
and variables (b) variables only 
 
(a) 
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Figure 6.9(b) shows that P0010 and PMAX are strongly correlated and separately 
loaded from the rest of the P variables on the +ve PC1 axis. This suggests that the 
maximum percentage of solids wash-off occurs during the initial part of the rainfall 
event and further proves the first flush occurrence during the event.  
It can also be observed in Figure 6.9(b), that both P0010 and PMAX are strongly 
correlated with the RDAVERAGE and D variables while the P variables are 
correlated with AI at 10% and 50% of the runoff volume. This suggests that the 
wash-off process during the initial part of the runoff volume and at the maximum 
divergence depends on the rainfall depth and the length of rainfall duration, while 
rainfall intensity influences the wash-off process during 10% - 50% of the runoff 
volume. This is related to the characteristics of the solids present on the catchment. 
Solids on the outmost layer are weakly adhered to the catchment surface as these are 
accumulated before the rainfall occurs (Kang et al. 2006). Therefore, these types of 
solids are easily detachable even by low intensity rainfall. However, as the runoff 
volume increases with time, the outmost layer of solids are depleted, thus exposing 
strongly attached solids to runoff detachment. As a result, the wash-off process is 
strongly dependent on the strength of the rainfall intensity.  
As evident in Figure 6.9(b), end P variables (P7080, P8090) are correlated with 
RDAVERAGE which suggests the influence of the rainfall depth on the wash-off 
process at the end of the rainfall event. The possible reason for this is, that the 
attachment of solids to the catchment surface is already in a loosened form due to 
rainfall impact and surface runoff prior the runoff reaching 70% of the volume (the 
representative variables selected were at the initial (P0010, P1020), and the middle 
(P3040, P4050) of the runoff volume and P variables at the end of the runoff volume 
(P7080, P8090)). Consequently, the wash-off process strongly depends on the runoff 
volume rather than the energy of the rainfall. As revealed by Vaze and Chiew 
(2003), the role of rainfall intensity in the wash-off process is more significant 
during the earlier stage of the rainfall event and becomes less significant as the 
rainfall progresses because easily detachable solids become available over time. 
Therefore, the wash-off process depends on the runoff depth rather than rainfall 
intensity after 70% of the runoff volume.  
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In general, events are separated into two clusters based on the rainfall characteristics 
and P loading. As seen in Figure 6.9(a), events with long duration and high rainfall 
depth with high P0010, PMAX and P4050 are loaded on the +ve PC1 axis. In 
contrast, events with high rainfall intensity, long dry period and high P1020 are 
loaded on the –ve PC1 axis. According to Figure 6.9(b), AI1020 has a significant 
loading vector compared to the other AI vectors (AI0010, AI7080, AI8090). This 
suggests that AI1020 is strongly discriminated in the analysis, thus showing the 
significance of this variable in the analysis. Based on these observations, it can be 
concluded that there are two types of rainfall that produce easily identified first 
flush: 
 Long duration events with high rainfall depth; and  
 Events with high rainfall intensity in the early part of the event. 
 
 
b. Cluster B 
The data matrix of Cluster B (8 x 24) identified in Figure 6.7 in Section 6.3.4 was 
submitted to PROMETHEE analysis. The eight sampling episodes were the objects 
while the section first flush indicators and rainfall parameters were the variables. 
Figure 6.10(a) and (b) show the resulting GAIA biplot for the events in Cluster B.   
As observed in Figure 6.10(b), there are significant differences in GAIA biplot in 
terms of the variables loading for Cluster B compared to Cluster A (Figure 6.9(b)). 
In Figure 6.10(b), it is observed that P0010 has a very short vector loading compared 
to P0010 of Cluster A (Figure 6.9(b). This suggests that Cluster B has a very low 
P0010. It is also observed that AI1020 of Cluster B (Figure 6.10(b)) has a very short 
loading either on the –ve PC1 or –ve PC2 axis. This is in contrast to AI1020 of 
Cluster A. This suggests low rainfall intensity for runoff volume during 10% to 20% 
for Cluster B.  
In addition, it is observed that there is significant change in AI loading from AI1020 
to AI3040 and AI4050. This suggests that high rainfall intensity occurred between 
20% and 50% of the runoff volume thus influencing the wash-off process. This 
differentiates the first flush characteristics of Clusters A and B events. Cluster A type 
events occur if the rainfall intensity that produced runoff volume between 10% and 
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20% is higher compared to the rest of the event while Cluster B type events 
experience low rainfall intensity during that period. Therefore, it can be concluded 
that average intensity for runoff volume between 10% to 20% plays an important 
role in first flush phenomenon or as the determining rainfall intensity in producing 
high or low magnitude first flush event. 
As observed in Figure 6.10(b), initial and end P (P0010, P7080, P8090) are 
correlated with RDAVERAGE. However, the percentage of solids wash-off is 
correlated to rainfall intensity between 10% to 40% of the runoff volume and 
correlated with both rainfall intensity and rainfall depth when the rainfall reaches 
50% of the runoff volume. This suggests that the wash-off process when the rainfall 
commenced is dependent on the rainfall depth. This can be attributed to the weakly 
adhered TSS available on the catchment surface which will easily undergo wash-off. 
Consequently, the pollutant is washed-off from the catchment irrespective of rainfall 
intensity. In contrast, as the weakly adhered solids diminish, the strongly adhered 
TSS is exposed and depends on rainfall kinetic energy and rainfall depth for wash-
off. 
As observed in Figure 6.10(b), P1020, P3040, and P4050 are also strongly correlated 
with ADP which suggests the influence of the build-up process on the wash-off 
process. However, due to low rainfall intensity particularly between the points where 
it produces 10% and 20% of the runoff volume, there is a low percentage of wash-off 
load during this runoff volume section. Therefore, the wash-off process is 
experiencing the transport limiting phenomenon during 10% to 20% of the runoff 
volume. 
In Figure 6.10(b) it is observed that PMAX is correlated with P0010. However, the 
correlation is not as strong as in Cluster A. This is based on a more acute angle 
between PMAX and P0010 of Cluster A compared to Cluster B. The observation 
also proved that both clusters are experiencing the first flush phenomenon as PMAX 
occurs during the initial part of rainfall rather than at the end of the event.  
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Figure 6.10: Objects loading and correlation between variables in the 
investigation of the influence of rainfall characteristics on TSS first flush for 
Cluster B using representative first flush indicators and rainfall parameters, (a) 
objects and variables (b) variables only 
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c. Cluster C 
Only two objects (A9, B13) were identified as non first flush events in Cluster C. 
Therefore, the investigation of the influence of rainfall characteristics was carried out 
by comparing the LV curve and rainfall hyetograph. Figures 6.11 and 6.12 display 
the hyetograph and LV curve for Event A9 and Event B13, respectively. It is clear 
that both LV curves are below the B line at the early part of the rainfall event and 
exceed the B line after 70% and 75% of the runoff volume, respectively, as evident 
in Figures 6.11(b) and 6.12(b). This indicates that both events were not experiencing 
the first flush phenomenon as most of the solids load is transported at the end of the 
event. 
According to the rainfall hyetograph in Figures 6.11(a) and 6.12(a), both events have 
very low rainfall intensity at the early part of the rainfall and the rainfall intensity is 
increasing towards the end of the event. As a result, the rainfall did not have 
sufficient energy to wash-off the solids on the catchment surface during the early 
period. However, this is in contrast with the later part of the rainfall as high rainfall 
intensity managed to wash-off a high solids load. Consequently, the proportion of 
solids load is much higher at the end of the rainfall event. Therefore, it can be 
concluded that events will experience a high wash-off at the end if the rainfall event 
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A. Hyetograph  
 
 
B. LV curve  
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6.4 INFLUENCE OF RAINFALL CHARACTERISTICS ON TP FIRST 
FLUSH 
6.4.1 Analysis of TP First Flush Indicators Characteristics 
Similar to the analysis undertaken for TSS (Section 6.3.1), analysis of first flush 
indicators for TP was carried out to understand the behaviour and correlation 
between first flush indicators. Similar to TSS analysis, two groups of first flush 
indicators namely, interval first flush indicators and section first flush indicators 
were selected for the analysis. A detailed discussion regarding both first flush 
indicators can be found in Section 5.3. Twenty first flush indicators of TP were 
derived for every sampling episode and the list of first flush indicators used in the 
analysis can be found in Table 6.2. 
Similar to the analysis of TSS in Section 6.3.1, all 23 sampling episodes were used 
for the analysis. As a result, a data matrix of 23 x 20 was formed. The variables were 
maximised so that the event with highest LV and P was ranked first. The V-shaped 
preference function was selected with the threshold value equivalent to the 
maximum value in the data range. All the variables were given the same weighting 
and therefore, no variable was favoured over others. Only the GAIA biplot was used 
to evaluate the characteristics and relationships of the first flush indicators.  
Figure 6.13 shows the GAIA biplot of the first flush indicators. As observed in 
Figure 6.13(b), all the LV variables are loaded anti clockwise from the +ve PC2 to –
ve PC2 axis for LV10, LV20, LV30, LV30, LV40, L50, LV60, LV70, LV80, LV90 
and LVMAX. This suggests that the objects loaded on the –ve PC1 axis are events 
with high LV while objects loaded on the +ve PC1 axis have opposite LV 
characteristics (refer to Figure 6.13 (a)).  
According to Figure 6.13(b), the loading of the P variables is separated into three 
parts. The P variables in the earlier part of the rainfall event are loaded on –vePC1 
while the end P variables (P6070, P7080, P8090) are loaded on +vePC1. However, 
the middle P variables (P3040, P4050, P5060) are loaded on the –ve PC2. This 
suggests a significant difference in wash-off behaviour in terms of wash-off load for 
every section of runoff volume. 
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Based on these observations, it can be concluded that both P and LV variables 
describe different aspects of the first flush phenomenon and both first flush 
indicators were considered for further analysis in investigating the influence of 
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Figure 6.13: Objects loading and correlation between variables using LV 
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6.4.2 Preliminary Analysis of Rainfall Characteristics Influence on First Flush 
The selected rainfall parameters and first flush indicators in Section 6.2 and 6.4.1 
were analysed with 23 sampling episodes as the objects, while the variables consist 
of first flush indicators and rainfall parameters for both groups; interval and section 
indicators. The data matrix of 23 objects and 81 variables was submitted to 
PROMETHEE analysis. A detailed explanation of PROMETHEE can be found in 
Section 3.3.2. 
The variables were maximised, so that events with highest AI, RDAVERAGE, D, 
ADP, LV and P were ranked first in PROMETHEE analysis. The V-shaped 
preference function was selected with threshold value equivalent to the maximum 
value in the data range. All variables were given the same weighting and therefore 
no variable was favoured over others.  
Figure 6.14 displays the GAIA biplot with a total data variance of 52.4% which 
explains the influence of rainfall parameters on first flush. Similar to TSS analysis, 
the presence of too many variables (rainfall parameters and first flush indicators) in 
the analysis resulted in a complex GAIA biplot (refer to Figures 6.14 (a) and (b)). 
Therefore, it was considered more appropriate to analyse the impact of rainfall 
characteristics on LV and P separately because LV and P represent two different 
aspects of first flush which means that the corresponding rainfall parameters for both 
first flush indicators are also different. A detailed discussion of the differences 
between LV and P can be found in Section 6.3.2. Similar to TSS, the first flush 
indicators and corresponding rainfall parameters for further analysis were based on 
Table 6.3 in Section 6.3.2. 
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Figure 6.14: Objects loading and correlation between variables for the initial 
investigation of the influence rainfall characteristics on first flush using all 
sampling episodes, all rainfall parameters and all first flush indicators, (a) 
objects and variables (b) variables only 
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6.4.3 Investigation of Rainfall Characteristics Influence on First Flush using LV 
Indicators for TP 
a. Identification of First Flush Behaviour using LV 
A data matrix (23 x 9; consisting of 23 rainfall events and 9 LV variables of TP) was 
submitted to PROMETHEE analysis to identify TP first flush behaviour. Similar to 
the previous analyses, the variables were maximised, so that the highest LV variable 
was ranked first. The V-shaped preference function was selected with threshold 
value equivalent to the maximum value in the data range. 
All the variables were given the same weighting, thus no variable was favoured over 
others. However, it is important to note that the main objective of this analysis was 
to investigate the correlation between LV variables and thus, to identify the first 
flush behaviour. Therefore, only the GAIA biplot result are discussed. Figure 6.15 
shows the GAIA biplot of the first flush behaviour classifications using LV 
variables.  
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The GAIA biplot in Figure 6.15 shows the object loading and variation of LV 
variables. As evident in the figure, the LV variables vectors are loaded anticlockwise 
starting from the –ve PC2 axis to the +ve PC2 axis for LV10, LV20, LV30, LV40, 
LV50, LV60, LV60, LV70, LV80 and LV90. Similar to TSS, the variation of LV 
shows that LV10 has a strong correlation with LV20, some correlation with LV30, 
and no correlation with LV40. This indicates that the cumulative TP wash-off load 
during 10% of the runoff volume has no influence when the cumulative load reaches 
40% of the runoff volume. Deviation of LV20, LV30 and LV40 from the LV10 
vector suggests possible differences in the wash-off patterns for the first 10% of the 
runoff event and subsequent wash-off of 10% to 40%.  
Similar to TSS, the lengths of the vectors decrease in the sequence of LV10 to LV90, 
indicating that the wash-off during the initial part of a storm event is the most 
influential in relation to first flush. Therefore, it can be concluded that the percentage 
of wash-off load during the first 10% of the runoff volume plays a significant role in 
determining first flush for any given event. Based on the fact that the influence of 
wash-off in the first 10% diminishes when it reaches the cumulative runoff volume 
of 40%, it can be surmised that the effect of first flush lasts until 40% of the runoff 
volume. That is, the occurrence and characteristics of first flush can be determined 
by comparing pollutant loads in the first 40% of the runoff volume with the rest of 
the event. Similar to TSS, these observations further proved that the common 
definition, that, first flush exists for example if 80% of the pollutant mass needs to be 
transported in the first 30% of the runoff volume, is not valid (Bertrand-Krawjeski et 
al. 1998). 
In Figure 6.15, objects are primarily spread along the PC1 axis with variables 
loading on the PC2 axis. Since the LV10 to LV40 vectors are pointed towards the 
+ve PC1 axis, the objects located on +ve PC1 axis can be considered as having high 
magnitude first flush. These objects are marked as Cluster A. According to Figure 
6.15, it is evident that objects B13, C10, C11, and C13 of Cluster C are located at the 
end of –ve PC1 axis and separated from the other events. These events were 
identified as non first flush events in Chapter 5. This analysis further confirmed the 
results presented in Chapter 5. However, other events loaded on the –ve PC1 axis are 
classified as events with low magnitude first flush based on cumulative load analysis 
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(Cluster B). Although A7 was also categorised as a non-first flush event in Section 
5.5, the first flush coefficient was very low which indicates that A7 can be 
categorised as a very weak first flush event. As evident in Figure 6.15, A7 is loaded 
very close to the origin and categorised as an event with low magnitude first flush.. 
The cumulative percentage of TP load vs. cumulative percentage of runoff volume 
was then plotted in order to understand the differences in wash-off behaviour for 
each cluster (Cluster A, Cluster B, Cluster C) in qualitative terms. Figure 6.16 shows 
the differences in wash-off behaviour for Cluster A, Cluster B and Cluster C. As 
evident in Figure 6.16, the LV curve for Cluster A has a high positive gradient 
between 0% and 40% of the runoff volume. Similarly, Cluster B also has positive 
gradient between 0% and 40% of the runoff volume but it is not as high as Cluster A. 
These observations further confirmed the existence of first flush for the events of 
Cluster A and of Cluster B with a lower magnitude. However, the positive gradient 
of Cluster C occurred between 60% to 90% of the runoff volume where a high 
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b. Analysis of Rainfall Characteristics Influence First Flush using LV  
Data matrix (23 x 33) was submitted to PROMETHEE to investigate the impact of 
rainfall characteristics on first flush using LV indicators. In this analysis, 23 
sampling episodes were considered as the objects while 10 interval first flush 
indicators and 23 interval rainfall parameters were the variables (refer to Table 6.3). 
As in the previous analysis, the variables were maximised so that the event with the 
highest AI, RDAVERAGE, D, ADP, and LV was ranked first in PROMETHEE 
analysis. Similar to previous analyses, the V-shaped preference function was selected 
with threshold value equivalent to the maximum value in the data range. All the 
parameters were given the same weighting and therefore, no variable was favoured 
over others. Figure 6.17 shows the objects loadings and correlations between 
variables. 
As observed in Figure 6.17(b), all the LV variables are correlated and are loaded in 
sequential order. The LV variables are divided into two segments. The first segment 
is LV variables from 10% to 50% of the runoff volume and these vectors increase as 
the runoff volume increases. In contrast, the remainder of the LV variables (LV60, 
LV70, LV80, LV90) vectors decrease with increasing runoff volume. These 
observations suggest that there are two different wash-off behaviour for TP. 
Figure 6.17(b) shows that AI variables are loaded in sequential order on the -ve PC1 
axis. It is observed that the correlation between AI and LV variables decrease as the 
runoff volume increased. This suggests the possibility of the influence of rainfall 
intensity on LV for the early part of the runoff volume. 
However, it is important to note that the LV variables are cumulative and the LV 
value increased with the increase in the runoff volume, thus the rainfall parameters 
(RD, D). Therefore, the actual impact of rainfall on the load washed-off could not be 
accurately assessed, creating uncertainty in the analysis. This points to the limitation 
of using the LV variable to explain the influence of rainfall parameters on first flush. 
Therefore, it was necessary to further investigate the feasibility of using P variables. 
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Figure 6.17: Objects loading and correlation between variables in investigating 
the influence of rainfall characteristics on TP first flush using interval first 
flush indicators, LV and interval rainfall parameters, (a) objects and variables 
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6.4.4 Investigation of Rainfall Characteristics Influence on First Flush using P 
Indicators 
a. Identification of First Flush Behaviour based on P Indicators 
The identification of first flush behaviour of TP was investigated using P variables. 
A data matrix of 23 x 9; consisting of all 23 sampling episodes and 9 section first 
flush indicators (refer to Table 6.3) was submitted to PROMETHEE analysis. 
Similar to TSS, it was hypothesised that a first flush event has high P values in the 
initial part of the runoff volume which indicates a high wash-off rate. A non-first 
flush event has a high P value at the end of the runoff event. Similar to TSS, PMAX 
is the load washed-off at the maximum divergence. Therefore, PMAX was excluded 
from the data matrix. Figure 6.18 displays a GAIA biplot of wash-off behaviour 
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According to Figure 6.18, P6070, P7080, P8090, P3040 and P4050 are loaded on 
+ve PC1 axis while P1020, P2030, P5060 have significant loading on –ve PC1. This 
suggests that the objects loaded on the –ve PC1 axis are those associated with high 
TP wash-off load particularly during 10%  to 30% and 50%  to  60% of runoff 
volume while objects loaded on +ve PC1 are those associated with high TP wash-off 
load at the end of the rainfall event (60% -90%). It is also evident that P0010 is 
loaded on the +ve PC2 axis which is in contrast with P3040, and P4050. This 
suggests contrasting wash-off behaviour during the first 10% of the runoff volume 
and during 30% to 50% of the runoff volume.  
Figure 6.18 shows that the loading of objects is spread-out either on the PC1 or PC2 
axis which suggests the variability of wash-off behaviour in terms of the wash-off 
rate. As evident in Figure 6.18, the objects loaded on the –ve PC1 axis are associated 
with high P1020, P2030, and P5060 and a small influence of P0010. This indicates 
that these are objects with high wash-off rate in the early part of the runoff volume 
and can be categorised as high magnitude first flush or classified as Cluster A events. 
As in the analysis in Chapter 5 and Section 6.4.3, non-first flush events are loaded 
separately from the other objects. This is proven in Figure 6.18, as B13, C10, C11, 
and C13 are loaded separately from the other objects. These objects are categorised 
as Cluster C. Objects loaded in between Cluster A and Cluster C are classified as 
events that experience first flush, but with lower magnitude. These are referred to as 
Cluster B events. This analysis further confirmed that there are three different types 
of first flush behaviour based on the wash-off process for every section of runoff 
volume and further confirmed the findings in Section 6.3.3(a).  
It is important to note that the wash-off behaviour is also influenced by catchment 
characteristics. This can be observed for objects from different catchments which 
were classified into different clusters although they were from the same rainfall 
event. For example, A4 and B4 were classified as Cluster A objects, while C4 was 
classified as Cluster B objects. This points to the influence of catchment 
characteristics on wash-off behaviour. The detailed investigation of the influence of 
catchment characteristics can be found in Chapter 7. 
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c. Analysis of Rainfall Characteristics Influence on P Indicators 
Similar to TSS, a data matrix (23 x 33) was submitted to PROMETHEE analysis. All 
23 sampling episodes were the objects while 10 section first flush indicators of TP (P 
variables) and 23 section rainfall characteristics were the objects as listed in Table 
6.19. The variables were maximised, so that the event with the highest AI, 
RDAVERAGE, D, ADP and P was ranked first in PROMETHEE analysis. The V-
shaped preference function was selected with threshold value equivalent to the 
maximum value in the data range. Finally, all variables were given the same 
weighting and therefore no variable was favoured over others. Figures 6.19(a) and 
(b) show the GAIA biplot for the objects loading and the relationship between the 
rainfall parameters and P. 
As evident in Figure 6.19(b), the AI variables are correlated with P variables after 
40% of the runoff volume and the degree of correlation increases as the runoff 
volume increases between 50% and 80%. This suggests that the percentage of TP 
washed-off at the end of the rainfall event is strongly influenced by rainfall intensity. 
This is related to the characteristics of the solids to which TP is attached. As noted 
by Zhao et al. (2007) and Quinton et al. (2001), phosphorus is mainly transported in 
particulate form and has strong a correlation with solids (Uusitalo et al. 2000). 
Therefore, the wash-off process of TP is also influenced by the characteristics of the 
solids attached to the catchment surface.  
As revealed in Section 6.3.3 (b), as the weakly adhered solids diminish during the 
early stage of the runoff event, the strongly adhered solids which depend on the 
strength of rainfall kinetic energy to detach are exposed. As noted by Kang (2005), 
pollutants on the outmost layer can be categorised as short-term pollutants and are 
loosely adhered to the catchment surface. Therefore, these particulates are easily 
washed-off irrespective of rainfall intensity and only depend on rainfall depth for 
detachment and transport to the catchment outlet. However, long term pollutants are 
strongly adhered to the catchment surface and are exposed to rainfall after the 
loosely adhered pollutants are diminished. The strong correlation between ADP and 
P variables during 10% to 40% of the runoff volume suggests that a high fraction of 
weakly adhered TP is available on the catchment surface. 
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Figure 6.19: Objects loading and correlation between variables for investigating 
the influence of rainfall characteristics on first flush for TP using P variables, 
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As seen in Figure 6.19(a), all the objects are loaded in a scattered manner and not 
clustered according to the catchment. This point to the dominant influence of rainfall 
characteristics on the wash-off process compared to catchment characteristics. 
However, it is important to note that the analysis carried out involved all rainfall 
events. This means that the analysis included events which did not produce first 
flush. This could have influenced the accuracy of the analysis and this is supported 
by the low total data variance (40.9%) accounted for in the GAIA biplot. Therefore, 
further investigation of the rainfall events according to the clusters identified in 
Section 6.3.4 (a) was required.  
 
6.4.5 Influence of Rainfall Characteristics on First Flush Behaviour 
i. Selection of First Flush Indicators and Clusters 
Similar to TSS analysis, the section first flush indicators (P) and clusters formed in 
Section 6.4.4(a) were selected for further analysis. This was to ensure that the impact 
of rainfall characteristics on the wash-off process is understood. 
ii. Selection of Representatives Variables  
Similar to TSS analysis, two representative variables were selected for first flush 
indicators and rainfall characteristics in the initial, middle and at the end of the 
runoff volume. RDAVERAGE was used due to strong correlation between RD 
variables. The selected representative variables used for further analysis were similar 
as given in Table 6.4 in Section 6.3.5(ii).  
iii. Investigation of the impact of rainfall characteristics on first flush 
behaviour 
a. Cluster A 
A data matrix (9 x 24; consisting of 9 sampling episodes, 7 section first flush 
indicators and 17 section rainfall parameters) from Cluster A as identified in Figure 
6.18 was submitted to PROMETHEE analysis. Figure 6.20 displays the resulting 
GAIA biplot for Cluster A. 
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Figure 6.20: Objects loading and correlation between variables for investigating 
the influence of rainfall characteristics on TP first flush for Cluster A using 
representative first flush indicators and rainfall parameters (a) objects and 
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In general, the objects are separated into two clusters based on the rainfall 
characteristics and P loading. As evident in Figures 6.20(a) and (b), events with high 
rainfall intensity in the early and end part of rainfall events are loaded on the –ve 
PC1 axis while long duration rainfall events with high rainfall depth objects are 
loaded on the +ve PC1 axis. However, it is also observed that objects loaded on the 
+ve PC1 axis are associated with high rainfall intensity during 30% to 50% of the 
runoff volume and high load in the initial and end parts of the rainfall event (P0010, 
P8090). 
Figure 6.20(b) shows that P1020 is strongly correlated with PMAX and separated 
from the other P variables on the –ve PC1 axis. This suggests that the maximum 
percentage of TP load wash-off occurs during the 10%  to 20% of the runoff volume 
which is in the early part of the rainfall event. This further confirmed the wash-off 
characteristics of Cluster A where high load is transported at the beginning of the 
rainfall event (10% to 20%). As evident in Figure 6.20(b), P0010 is correlated to 
RDAVERAGE while the P variables between 10% to 80% of the runoff volume 
have strong correlation with the corresponding AI variables. This indicates that the 
load washed-off for the first 10% of the runoff volume is influenced by the rainfall 
depth, while the load washed-off after 10% up to 80% of the runoff volume strongly 
depends on the energy associated with the rainfall. 
This is quite similar to the TSS results in Section 6.3.4 (iiia). As phosphorus is 
mainly transported in particulate form, the wash-off process is also influenced by the 
solids characteristics (Quinton et al. 2001; Vaze and Chiew 2004; Zhao et al. 2007). 
It is postulated that the load washed-off during the initial part of the event (P0010) is 
the short term source pollutants which is on the outermost layer and is weakly 
adhered to the catchment surface. Therefore, this type of TP is easily detached from 
the surface and will be washed-off irrespective of rainfall intensity. However, as the 
runoff volume increases, the weakly adhered TP will diminish, exposing the strongly 
adhered TP which depends on the energy of the rainfall intensity to detach. The 
higher the rainfall intensity, the higher the TP wash-off load. This is in line with the 
findings by Miguntanna (2009) that high rainfall intensity produces high TP 
concentration and consequently will produce a higher load. 
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b. Cluster B 
The data matrix for Cluster B (10 x 24) identified in Figure 6.18 of Section 6.4.4 was 
submitted to PROMETHEE analysis. Ten sampling episodes were the objects while 
7 section first flush indicators and 17 rainfall parameters were the variables. Figures 
6.21(a) and (b) shows the resulting GAIA biplot for events in Cluster B.   
As observed in Figure 6.21(b), there are significant differences in the GAIA biplot in 
terms of the variables loading for Cluster B compared to Cluster A (Figure 6.20(b)). 
In Figure 6.21(b), it is evident that PMAX is strongly correlated with P3040 which 
suggests that the maximum TP wash-off load occurred between 30% and 40% of the 
runoff volume. This is delayed compared to the Cluster A events where the 
maximum divergence occurred between 10% and 20% of the runoff volume. This 
further confirmed the low magnitude of first flush for Cluster B events as high load 
was transported during 30% to 40% of the runoff volume.  
The energy associated with the rainfall intensity play an important role in the 
classification of events either as Cluster A or Cluster B. As evident in Figure 6.21(b), 
the AI0010 and AI1020 vectors are relatively short and there is significant increment 
in vector length for the AI3040 and AI4050 variables. This suggests that high 
increment in rainfall intensity occurred between 30% and 50% which was able to 
detach high TP load while the low rainfall intensity that created runoff during 10% to 
20% of the runoff volume was insufficient to significantly detach the pollutants from 
the catchment surface and therefore, resulted in low magnitude first flush (Cluster 
B). 
Based on the observations and comparison between Cluster A (Figure 6.20) and 
Cluster B (Figure 6.21), it can be concluded that rainfall intensity plays an important 
role in the wash-off process, particularly in the initial part of the runoff volume. 
Events with high magnitude first flush (Cluster A) exist if high rainfall intensity 
occurs between 10% and 20% of the runoff volume. However, if high rainfall 
intensity occurs after a delay, which is after about 20% of the runoff volume, first 
flush still exists but with a lower magnitude (Cluster B) as the high load is washed-
off by 20% of the runoff volume. This suggests that rainfall intensity during 10% 
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and 20% of the runoff volume plays an important role in characterising first flush 
behaviour. 
 
Figure 6.21: Object loadings and correlations between variables for 
investigating the influence of rainfall characteristics on first flush for Cluster B 
using representative first flush indicators and rainfall parameters  for TP, (a) 
objects and variables (b) variables only 
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Similar to TSS, P0010 has a strong correlation with RDAVERAGE, and is not 
correlated with the corresponding AI variable (AI0010). This suggests that the wash-
off process during the first 10% of the runoff volume depends on the rainfall depth 
rather than rainfall intensity. This further confirmed that TP washed-off during the 
first 10% of the runoff volume was in the outmost layer which was weakly adhered 
and would have been washed-off irrespective of the strength of the rainfall intensity. 
ADP is strongly correlated with P variables between 10% and 50% of the runoff 
volume. This suggests the correlation between wash-off and build-up process. As 
pollutants are accumulated during dry periods, the process is influenced by the 
length of the dry period. Therefore, high TP load is washed-off during 10% - 50% of 
the runoff volume due to the longer ADP.     
However, it is important to note that the wash-off process is also influenced by the 
catchment characteristics. Therefore, the wash-off process from the same event 
might produce different first flush behaviour for different catchments. For example, 
although A5 and B5 were the same rainfall event (refer to Figure 6.18), A5 was 
classified as an event with high magnitude first flush (Cluster A) and B5 was 
classified as an event with low magnitude first flush (Cluster B). This indicates that 
the characteristics of the catchment influence the wash-off process. This explains the 
low total data variance (43.6%) accounted for by the GAIA biplot (refer to Figure 
6.21(a)).  
 
c. Cluster C 
Four objects (B13, C10, C11, C13) were identified as non first flush events and 
classified as Cluster C in Figure 6.18. The data matrix 4 x 24 was submitted to 
PROMETHEE analysis. Four sampling episodes were the objects while 7 section 
first flush indicators and 17 rainfall parameters were the variables. Figures 6.22(a) 
and (b) show the resulting GAIA biplot of objects loading and the correlation 
between the variables of Cluster C.  
As observed in Figure 6.22 (a) and (b), the objects are loaded according to their 
rainfall characteristics and wash-off behaviour. B13 and C13 are objects that are 
associated with high P in the initial and end parts of the rainfall event with high 
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intensity during 80% to 90% of the runoff volume. However, the P7080 and P8090 
variables have longer length vectors compared to P0010 which suggests the 
significance of both the end P variables in the wash-off process. This indicates the 
occurrence of high pollutant load towards the end of the rainfall event. Both objects 
experienced low rainfall intensity in the early part of the event and experienced high 
rainfall intensity at the end of the event (70% to 90% of the runoff volume).  
However, C10 and C11 were events that experienced very low wash-off load during 
the first 10% of the runoff volume which suggests that both events were non first 
flush events as evident in Figure 6.22(b). Both events experienced high rainfall 
intensity at the end of the event. As observed in Figure 6.22(b), PMAX is strongly 
correlated with P7080 and P8090. This indicates that the load washed-off at the 
maximum divergence occurred at the end of the rainfall event. This indicates high 
TP load is being transported at the end of the storm event. The observation further 
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Figure 6.22: Objects loading and correlation between variables for investigating 
the influence of rainfall characteristics on first flush for Cluster C using 
representative first flush indicators and rainfall parameters  for TP, (a) objects 
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6.5 INFLUENCE OF RAINFALL CHARACTERISTICS ON TN FIRST 
FLUSH 
6.5.1 Analysis of TN First Flush Indicators Characteristics 
Similar to the analysis undertaken for TSS (Section 6.3.1) and TP (Section 6.4.1), 
analysis was also carried out to understand the behaviour and correlation between 
first flush indicators for TN. Two groups of first flush indicators were selected for 
the analysis, namely, interval first flush indicators and section first flush indicators. 
Detailed discussions regarding both first flush indicators can be found in Section 5.3. 
Twenty first flush indicators were derived for every sampling episode and the first 
flush indicators used in the analysis is listed in Table 6.2. 
All 23 sampling episodes were used in the analysis. As a result, a data matrix of 23 x 
20 was formed and subjected to PROMETHEE analysis. The variables were 
maximised so that the events with the highest LV and P were ranked first. The V-
shaped preference function was selected with threshold value equivalent to the 
maximum value in the data range. All the variables were given the same weighting 
and no variable was favoured over others. Only GAIA biplot results were used to 
evaluate the characteristics and relationship of the first flush indicators.  
Figure 6.23 shows the resulting GAIA biplot of the first flush indicators. As 
observed in Figure 6.23(b), all the LV variables are loaded anti clockwise from the -
ve PC2 to +ve PC2 axis for LV10, LV20, LV30, LV30, LV40, L50, LV60, LV70, 
LV80, LV90 and LVMAX. All the LV variables are loaded on the +ve PC1 axis 
except for LV10. This suggests that objects loaded on the +ve PC1 axis are events 
with high LV while objects loaded on the -ve PC1 axis have opposite characteristics 
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Figure 6.23: Objects loading and correlation between variables for investigating 
first flush indicators characteristics using LV and P indicators for TN, (a) 
objects and variables (b) variables only 
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According to Figure 6.23(b), P variables are loaded anticlockwise from the -ve PC2 
to -ve PC2 axes starting from P0010 until PMAX. However, it is observed that the P 
variables at the initial part and at the end part of runoff volume are loaded on –ve 
PC1 axis separate from the remaining P variables. This suggests that the objects 
loaded on the –ve PC1 axis are associated with high wash-off rates in the initial part 
and at the end part of runoff volume while objects loaded on the –ve PC1 axis are 
objects associated with high wash-off rates during 10% to 60% of the runoff volume. 
Based on the observations of the loading of LV and P variables, it was evident that 
both first flush indicators represent different wash-off characteristics.  
 
6.5.2 Preliminary Analysis of the Influence of Rainfall Characteristics on First 
Flush 
The selected rainfall parameters and first flush indicators given in Section 6.2 and 
6.5.1 were analysed with 23 sampling episodes as the objects, while 10 first flush 
indicators and 71 rainfall parameters were the variables. The data matrix of 23 
objects and 81 variables was submitted to PROMETHEE analysis. A detailed 
explanation of PROMETHEE can be found in Section 3.3.2. 
The variables were maximised, so that the event with highest AI, RDAVERAGE, D, 
ADP, LV and P was ranked first in PROMETHEE analysis. Similar to previous 
analysis, the V-shaped preference function was selected with threshold value 
equivalent to the maximum value in the data range. All the variables were given the 
same weighting and therefore no variable was favoured over others.  
Figure 6.24 displays a GAIA biplot with a total data variance of 55.5% which 
explains the influence of rainfall parameters on first flush. The presence of too many 
variables (rainfall parameters and first flush indicators) in the analysis resulted in a 
complex GAIA biplot (refer to Figures 6.24 (a) and (b)). Similar to TSS and TP 
analyses, it was considered more appropriate to analyse the impact of rainfall 
characteristics on LV and P separately as these represent two different aspects of 
first flush. This means that the corresponding rainfall parameters for the two first 
flush indicators are also different. A detailed discussion of the differences between 
LV and P can be found in Chapter 5. Similar to TSS and TP, the first flush indicators 
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and corresponding rainfall parameters were subjected to further analysis based on 
Table 6.3 in Section 6.3.2.  
 
Figure 6.24: Correlations of objects and variables for initial investigation of the 
influence of rainfall characteristics on first flush using all sampling episodes, all 
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6.5.3 Investigation of the Influence of Rainfall Characteristics on First Flush 
using LV Indicators 
a. Identification of First Flush Behaviour using LV Indicators 
The data matrix (23 x 9; consisting of 23 rainfall events and 9 LV variables of TN) 
was submitted to PROMETHEE to determine the wash-off behaviour of TN using 
LV variables. Similar to the previous analyses, the variables were maximised, so that 
the highest LV was ranked first. The V-shaped preference function was selected with 
threshold value equivalent to the maximum value in the data range. All the variables 
were given the same weighting, thus no variable was favoured over others. It is 
important to note that the main objective of this analysis was to investigate the 
correlation between LV indicators in order to identify the first flush behaviour. 
Therefore, only the resulting GAIA biplot is discussed. The GAIA biplot in Figure 
6.25 shows the object loading and the correlation between the variables. 
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As observed in Figure 6.25, the LV vectors are loaded clockwise starting from the 
+ve PC2 to the –ve PC2 axis for LV10, LV20, LV30, LV40, LV50, LV60, LV60, 
LV70, LV80 and LV90. LV10 shows a strong correlation with LV20, some 
correlation with LV30, and no correlation with LV40. This indicates that the 
cumulative TN wash-off load during 10% of the runoff volume has no influence 
when the cumulative load reaches 40% of the runoff volume. The deviation of LV20, 
LV30 and LV40 from LV10 vector suggests possible differences in wash-off 
patterns for the first 10% of the runoff event and subsequent wash-off of 10% to 
40%.  
The lengths of the vectors decrease in the sequence of LV10 to LV90, indicating that 
the wash-off during the initial part of a storm event is the most influential in relation 
to first flush. Therefore, it can be concluded that the percentage of wash-off load 
during the first 10% of the runoff volume play a significant role in determining first 
flush for any given event. Based on the fact that the influence of wash-off in the first 
10% diminishes when it reaches the cumulative runoff volume of 40%, it can be 
considered that the effect of first flush lasts until 40% of the runoff volume. 
Therefore, the occurrence and characteristics of first flush can be determined by 
comparing pollutant loads in the first 40% of the runoff volume with the rest of the 
event. A similar observation was also observed for TSS and TP.   
In Figure 6.25, the objects are primarily spread along the PC1 axis with variables 
loading on the PC2 axis. Since the LV10 to LV40 vectors are pointed towards +ve 
PC1 axis, the objects located on +ve PC1 can be considered as having high 
magnitude first flush. These objects are marked as Cluster A. According to Figure 
6.25, it is observed that objects B13 and C11 are separated from the other objects on 
the –ve PC2 axis. Both objects were identified as non-first flush events in Section 
5.5. In Section 5.5, Events A3, A7, B10, C10 and C13 were also categorised as non-
first flush events. However, according to Figure 6.25, all these objects exhibit first 
flush, but with lower magnitude and was classified as Cluster B. Therefore, in order 
to confirm the first flush behaviour, further analysis was carried out using P 
indicators.   
According to the classification of the events, it can be noted that the same rainfall 
event produced different wash-off behaviour for different catchments. This suggests 
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the influence of catchment characteristics on first flush. However, this is investigated 
in detail in Chapter 7. 
Based on the understanding developed by analysing the GAIA biplot given in Figure 
6.25, the events relating to Clusters A, B, and C were plotted as the percentage of 
solids load vs percentage of runoff volume as shown in Figure 6.26. This was done 




Figure 6.26: Wash-off behaviour for Cluster A, Cluster B and Cluster C 
 
According to Figure 6.26, Cluster A and Cluster B have similar pattern of LV 
curves, but with different magnitudes. The LV curve for Cluster B has a lower 
gradient compared to the LV curve for Cluster A. This suggests that the percentage 
of TN wash-off is higher for Cluster A in comparison to Cluster B. However, the 
positive gradient of Cluster C occurred after 15% of the runoff volume with 
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load is transported after 50% of the runoff volume and confirmed that Cluster C 
events experience high wash-off load towards the end of the runoff event.  
 
b. Analysis of the influence of Rainfall Characteristics on First Flush using 
LV Indicators 
A data matrix (23 x 33) was submitted to PROMETHEE analysis to investigate the 
influence of rainfall characteristics on LV. This analysis considered 23 sampling 
episodes as the objects while 10 interval first flush indicators and 23 interval rainfall 
parameters were the variables (refer to Table 6.3). As in the previous analysis of TSS 
and TP, the variables were maximised, so that the event with the highest AI, RD, D, 
ADP, and LV was ranked first in PROMETHEE analysis. The V-shaped preference 
function was selected with threshold value equivalent to the maximum value in the 
data range. All the parameters were given the same weighting and therefore, no 
variable was favoured over others. Figures 6.27(a) and 6.27(b) display the objects 
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Figure 6.27: Objects loading and correlation between variables for investigating 
the influence of rainfall characteristics on first flush using interval first flush 
indicators (LV) and interval rainfall parameters for TN, (a) objects and 
variables (b) variables only 
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As evident in Figure 6.27(b), the LV indicators are loaded in a clockwise manner 
according to the sequential order in two stages; the first 50% of the runoff volume 
and the subsequent 50% of the runoff volume. It can be observed that only ADP is 
correlated with all the LV indicators while the other parameters such as AI, 
RDAVERAGE and D are correlated with some LV indicators. This is attributed to 
the value of LV indicators and rainfall parameters which are cumulative values. The 
values of LV indicator increase with the increasing runoff volume. As a result, the 
actual impact of rainfall characteristics on the TN load washed-off is not known. 
This highlights the limitation of using LV indicators for explaining the influence of 
rainfall parameters on first flush. Therefore, it was necessary to further investigate 
using P indicators. 
 
6.5.4 Investigation of the Influence of Rainfall Characteristics on First Flush 
using P Indicators  
a. Identification of First Flush Behaviour using P Indicators  
The identification of TN first flush behaviour using P variables was undertaken by 
submitting a data matrix of 23 x 9; consisting of all 23 sampling episodes and 9 
section first flush indicators to PROMETHEE analysis. Similar to TSS and TP, it 
was hypothesised that events experiencing the first flush phenomenon have high P 
values at the initial part of the runoff volume which indicates a high wash-off rate. A 
non-first flush event has a high P value at the end of the runoff volume. PMAX is the 
percentage of load washed-off at the maximum divergence, therefore, PMAX was 
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Figure 6.28: Classification of first flush behaviour for TN using P indicators  
 
According to Figure 6.28, P0010 has no correlation with P5060 and inversely 
correlated with P1020, P2030, P3040 and P4050. This suggests that TN wash-off 
rate during 50% to 60% of the runoff volume is not influenced by the first 10% of 
the runoff volume. However, contrasting wash-off behaviour was observed for the 
initial runoff volume (0010) and wash-off behaviour during 10% to 50% of the 
runoff volume. 
Figure 6.28 shows that the objects are scattered based on their wash-off behaviour. 
As evident in Figure 6.28, the P1020 – P5060 vectors are pointed towards the –ve 
PC1 axis while the P0010 vector is pointed towards the +ve PC2 axis. Therefore, 
objects loaded on the –ve PC1 and +ve PC2 axes are considered as objects with high 
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As in the analysis discussed in Section 6.5.3, events without first flush are loaded 
separately from the other objects and were classified as Cluster C. These are loaded 
separately from the other objects. As observed in the GAIA biplot in Figure 6.28, 
C11 is located at the end of the –ve PC1 axis and is separate from the other objects. 
C11 has a very high load increment particularly during 50% to 60% of the runoff 
volume. As evident in Figure 6.28, B13 is also separated from the other objects and 
has a high wash-off rate between 60% and 70% of the runoff volume. This further 
confirmed the finding in Section 6.5.4 (a) that both events were non first flush events 
and were classified as Cluster C. 
However, objects spread on the +ve PC1 axis are events with a first flush but with 
lower magnitude. The objects in this cluster are marked as Cluster B. This analysis 
further confirmed the finding of Section 6.5.3(a) that there are three types of first 
flush behaviour for TN. 
 
b. Analysis of the Influence of Rainfall Characteristics on First Flush using P 
Indicators 
A data matrix (23 x 32) was submitted to PROMETHEE analysis. All 23 sampling 
episodes were the objects while 10 section first flush indicators of TN and 23 section 
rainfall characteristics were the variables (refer Table 6.3). The variables were 
maximised, so that the event with the highest AI, RDAVERAGE, D, ADP, and P 
was ranked first in PROMETHEE analysis. The V-shaped preference function was 
selected with threshold value equivalent to the maximum value in the data range. 
Finally, all variables were given the same weighting and therefore no variable was 
favoured over others. Figures 6.29(a) and (b) shows the resulting GAIA biplot of the 
objects loading and the correlations between variables. 
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Figure 6.29: Objects loading and correlation between variables for investigation 
of the influence of rainfall characteristics on first flush for TN using section first 
flush indicators (P) and section rainfall parameters, (a) objects and variables 
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As evident in Figure 6.29(b), P variables during 10% to 60% of the runoff volume 
are loaded on the  -ve PC1 and +ve PC2 axis while the initial P (P0010) and P at the 
end of the rainfall event ( P7080, P8090) are loaded on the +ve PC1 and –ve PC2 
axis. This suggests contrasting wash-off behaviour during 10% to  60% of runoff 
volume compared to the wash-off behaviour during the initial (P0010) and at the end 
part of the runoff volume (P7080, P8090). It is also noted that the vector length of 
P3040, P4050 and P5060 are relatively short compared to the other P variables. This 
indicates that the wash-off process between 30% and 60% of the runoff volume is 
not significant compared to the other runoff volume segments. 
Figure 6.29(b) shows that ADP has strong correlation with the P variables from 10% 
up to 60% of the runoff volume as the pollutant build-up process is influenced by the 
length of the dry period. This suggests that a high fraction of TN load is available in 
the catchment during 10% to 60% of the runoff volume, thus resulting in high wash-
off load. It is observed that RDAVERAGE has a strong correlation with P0010 and 
P8090 and is correlated with P7080 suggesting that the wash-off load during the 
initial rainfall (P0010) is strongly influenced by RDAVERAGE. RDAVERAGE is 
also the influential parameter for wash-off during 70% to 90% of the runoff volume. 
However, only P1020 is weakly correlated with the corresponding AI which is 
AI1020 while the P variables for 20% and 60% of the runoff volume have inverse 
correlation with the corresponding AI. This indicates that during this period, higher 
rainfall intensity will produce a low percentage of TN wash-off load.  
However, the observations on the GAIA biplot need further investigation as all 23 
sampling events were included in the analysis including the non-first flush events. 
This is reflected in the low total data variance (42.6%) accounted for in the GAIA 
biplot as observed in Figure 6.29 (a). Therefore, it was essential to investigate the 
influence of rainfall characteristics using the events with similar characteristics as 
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6.5.5 Influence of Rainfall Characteristics on First Flush Behaviour 
i. Selection of First Flush Indicators and Clusters 
Similar to TSS and TP, the influence of rainfall characteristic on first flush for TN 
was further investigated using events with similar wash-off behaviour. This was 
important as the rainfall characteristics that produce events with first flush could be 
expected to be different compared to rainfall that are non-first flush events. Similar 
to TSS and TP, section first flush indicators (P) and clusters formed in Section 
6.5.4(a) analysis were selected in order to understand the influence of rainfall 
characteristics on the wash-off process.   
ii. Selection of representative variables  
Similar to analysis of TSS and TP, representative variables of first flush indicators 
and rainfall parameters were selected in order to ensure the critical variables that 
influence first flush will not be overshadowed due too many correlating variables 
(Egodawatta et al. 2006). The first flush indicators and rainfall characteristics in the 
initial, middle and at the end of the runoff volume were selected. RDAVERAGE was 
also used due to very strong correlation between RD variables. The selected 
representative variables used for further analysis were based on Table 6.4 in Section 
6.3.5(ii).  
 
iii. Investigation of the influence of rainfall characteristics on first flush 
behaviour 
a. Cluster A 
A data matrix (11 x 24; consisting of 11 sampling episodes, 7 section first flush 
indicators and 17 section rainfall parameters) of Cluster A as identified in Figure 
6.28 was submitted to PROMETHEE analysis. Figure 6.30 displays the resulting 
GAIA biplot showing the relationship between the rainfall parameters and first flush 
indicators of Cluster A.  
As observed in Figure 6.30, in general, most of the AI and P variables are loaded on 
the –ve PC1 axis while RD and D variables are loaded on the +ve PC1 axis. This 
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suggests that the objects loaded on the -ve PC1 axis are objects associated with high 
TN wash-off load and high rainfall intensity. In contrast, objects loaded on the +ve 
PC1 axis are objects associated with low wash-off load and these objects 
experienced long duration rainfall with high rainfall depth. However, there are 
several P and AI variables that are loaded separately. As observed in Figure 6.30, 
P1020, P8090, and AI0010 are loaded on the +ve PC1 axis. This suggests that apart 
from high rainfall depth and long duration, rainfall objects loaded on the +ve PC1 
axis are also associated with high intensity at the beginning of the rainfall event with 
high wash-off of TN during 10% to 20% of the runoff volume and also at the end of 
the rainfall event (P8090). 
As observed in Figure 6.30(b), most P variable vectors are relatively short except for 
P3040 and P7080. However, all AI variables have long vectors. This suggests that 
the percentage of load washed-off is low, although the rainfall intensity is high. 
Detailed examination of the correlation between AI and P variables in Figure 6.30(b) 
showed that P0010, P1020, P4050 and P8090 have inverse correlation with the 
corresponding AI variables. This indicates that low rainfall intensity produced high 
percentage of TN wash-off load. This is in agreement with the findings by 
Miguntanna (2009) that low intensity rainfall produced high concentration of TN. 
Furthermore, dissolved TN dominates the TN transported in urban runoff and 
therefore, is readily removed (Taylor et al. 2005). In addition, Goonetilleke et al 
(2005) revealed that the high degree of solubility of the nitrogen compounds 
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Figure 6.30: Objects loading and correlation between variables for investigating 
the influence of rainfall characteristics on first flush for Cluster A using the 
representative first flush indicators and rainfall parameters  for TN, (a) objects 
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However, the low TN load due to high rainfall intensity is related to the amount of 
TN available on the catchment surface. Miguntanna (2009) classified TN as source 
limiting. As such, the wash-off process is highly dependent on the amount of initially 
available pollutants (Duncan 1995; Pitt et al. 2004; Sartor et al. 1974). However, the 
inverse relationship between P and AI is not applicable for  P3040 and P7080 . It can 
be observed that P3040 and P7080 are correlated with the corresponding AI 
variables (AI3040, AI7080). This suggests that high rainfall intensity produces high 
TN load during 30% to 40% and 70% to 80% of the runoff volume. This is attributed 
to the degree of solubility, attachment to particulates and the species composition of 
TN (Goonetilleke et al. 2005; Miguntanna 2009).  
As noted by Vaze and Chiew (2004), although TN is primarily transported in 
dissolved form, however, there is a fraction of nitrogen in particulate form which is 
attached to fine solids which are strongly adhered to the catchment. As discussed in 
Section 6.3.5(iii), the strongly attached solids, depends on the rainfall intensity, as 
higher rainfall intensity will detach higher solids thus transporting high TN load to 
the receiving water. Therefore, it can be concluded that, apart from rainfall 
characteristics, TN characteristics and the amount of the available TN on the 
catchment also play an important role in the wash-off process. 
As observed in Figure 6.30(a), PMAX is strongly correlated with P1020, which 
indicates that Cluster A objects have the maximum wash-off load at the very 
beginning of the rainfall event (10% to 20%) This is because, PMAX, is the 
percentage of wash-off load at the maximum divergence.  
 
b. Cluster B 
A data matrix (10 x 24; consisting of 10 sampling episodes, 7 section first flush 
indicators and 17 section rainfall parameters) of Cluster B as identified in Figure 
6.28 was submitted to PROMETHEE analysis. Figure 6.31 displays the resulting 
GAIA biplot and the object loadings and correlations between variables for Cluster 
B. 
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Figure 6.31: Objects loading and correlation between variables for investigating 
the influence of rainfall characteristics on first flush for Cluster B using 
representatives first flush indicators and rainfall parameters  for TN, (a) objects 
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It can be observed in Figure 6.31(b), that there are significant differences in terms of 
the variable loadings for Cluster B compared to Cluster A. As observed in Figure 
6.31(b), the lengths of the AI and P variable vectors are approximately similar except 
for P1020. This suggests that there was no significant difference in TN wash-off load 
throughout the rainfall event except for P1020 which has a low percentage of TN. 
This is in contrast to Cluster A where long vectors for the P variables were observed 
particularly between 10% to 40% of the runoff volume which indicates the high load 
washed-off during the beginning of the rainfall event (refer to Figure 6.30 (b)). It can 
also be observed that PMAX is strongly correlated with P8090, P0010 and P1020. 
This indicates that the wash-off load at the maximum divergence occurs during these 
percentages of runoff volume. However, the vector length of PMAX is very short 
which indicates that the role of PMAX in the analysis is not significant. 
In general, the objects loaded on the +ve PC1 axis are associated with high rainfall 
depth, long duration rainfall and high rainfall intensity particularly during the early 
part of the event with TN load washed-off in the initial part (0% to 20%) and at the 
end of the runoff volume (80% to 90%) (refer to Figure 6.31(a) and (b)). AIMAX, 
RDMAX and PMAX are also loaded on the +ve PC1 axis suggesting that the TN 
load at the maximum divergence is influenced by AIMAX. In contrast, the objects 
loaded on the –ve PC1 axis are those associated with high rainfall intensity at the 
beginning of the rainfall event (0% to 10%) and antecedent dry period and these 
objects also experience high TN wash-off during 30% -50% and also 70% -80% of 
the runoff volume.  
As shown in Figure 6.31(b), only P0010 and P1020 are correlated with 
corresponding AI (AI0010, AI1020), while the remainder of P variables are 
inversely correlated or not correlated with AI variables. However, it can also be 
observed that only P1020 is strongly correlated with AI1020 while weak correlation 
can be observed between P0010 and AI0010. P0010 has a strong correlation with 
RDAVERAGE. This suggests that the wash-off process when the rainfall started and 
up to 20% of the event is highly dependent on the rainfall depth and the limited 
influence of rainfall intensity. However, the degree of influence of rainfall intensity 
increases at 10% - 20% of runoff volume. This is hypothesised to be due to the 
composition of TN itself as particulate TN dominates the available TN on the 
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catchment surface. It is postulated that during the initial part of the event (0% - 
10%), TN is available in easily removable form as part of the short term pollutant 
load. Therefore, TN is weakly adhered to the surface. As a result, TN depends on the 
rainfall depth for wash-off rather than rainfall intensity. However, as the weakly 
adhered TN diminishes, it exposes strongly adhered TN which depends on the 
energy of rainfall. This explains the correlation of P0010 and P1020 with the 
corresponding AI variables. 
 
c. Cluster C 
Two objects (B13, C11) were categorised as non-first flush events (Cluster C) in 
Section 6.5.4 (a) analysis. Therefore, the investigation of the influence of rainfall 
was undertaken by comparing the LV curve and rainfall hyetograph. Figures 6.32 
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A. Hyetograph  
 
B. LV curve  
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A. Hyetograph  
 
 
B. LV curve  
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As observed in Figure 6.32(b), the LV curve for B13 has a negative gradient which 
below than the B line during 0% to 30% which suggests that first flush does not 
exist. In Figure 6.33, although the gradient of the LV curve is above the B line, a 
high percentage of TN load is transported after 50% of the runoff volume. This 
indicates that both events were not experiencing first flush phenomenon. 
According to the rainfall hyetographs in Figures 6.32(b) and 6.33(a), both events 
experience low rainfall intensity at the beginning of the rainfall event. It is postulated 
that most of the TN is attached to fine particles that are adhered to the catchment 
surface. Therefore, the wash-off process depends on the energy of the rainfall. As 
low rainfall intensity occurred for both, the events did not have sufficient energy to 




This chapter has discussed the influence of rainfall characteristics on first flush. The 
investigation was undertaken using two first flush indicators, namely, LV and P 
indicators introduced in Chapter 5. The primary findings from the analysis 
undertaken are: 
 First flush behaviour showed significant variation with pollutant type. TSS 
and TP showed consistent first flush behaviour. The dissolved fraction of TN 
showed significant differences compared to TSS and TP first flush behaviour 
while particulate TN showed similarities. 
 Apart from rainfall characteristics, the composition and the availability of TN 
on the catchment also played a role in TN first flush. The analysis showed 
that events with low rainfall intensity produced high magnitude first flush for 
the dissolved fraction of TN while high rainfall intensity produced low 
dissolved TN first flush. This is attributed to the source limiting behaviour of 
dissolved TN wash-off where there is a high fraction wash-off during the 
initial part of a rainfall event irrespective of the intensity.  
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 The wash-off of TSS, TP and particulate TN during the first 10% of the 
runoff volume showed no dependency on the corresponding rainfall intensity. 
This could be attributed to the wash-off of the “short term pollutant” load 
also referred to as “free solids” as pointed out by previous researchers.  
 Wash-off of other than the first 10% of the runoff volume showed 
dependency on the rainfall intensity. This is attributed to the wash-off of 
strongly adhered solids being exposed as the weakly adhered solids diminish. 
The wash-off process also depends on rainfall depth at the end part of the 
event as the strongly adhered solids are loosened due to impact of rainfall 
during the earlier part of the event. 
 Events with high intensity rainfall bursts after 70% of the runoff volume did 
not demonstrate first flush behaviour. This suggests that the rainfall patterns 
play a critical role in the occurrence of first flush. 
 Rainfall intensity (with respect to the rest of the event) that produces 10% to 
20% of the runoff volume played an important role in influencing the 
magnitude of first flush. An event can demonstrate a high magnitude first 
flush when the rainfall intensity which creates 10% and 20% runoff volume 
is comparatively high. Low rainfall intensities during this period produce low 
magnitude first flush. 
 For events with first flush, the phenomenon is clearly visible for up to 40% of 
the runoff volume. This eliminates the common definition that first flush 
exists only if for example 80% of the pollutant mass is transported in the first 
30% of the runoff volume (Bertrand-Krajewski et al. 1998). 
 The first flush events can be characterised either as events with high 
magnitude first flush, events with low magnitude first flush or rainfall events 
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Chapter 7: Influence of Catchment 
Characteristics on First Flush 
7.1 BACKGROUND 
First flush is influenced by a range of catchment characteristics. Numerous studies 
have related first flush to conventional catchment parameters such as catchment size, 
slope and percentage impervious area (Bertrand-Krawjeski et al. 1998; Cristina and 
Snasalone 2003; Lee et al. 2003; Zhang et al. 2012). However, these conventional 
catchment parameters may not be adequate to explain the complexity of the first 
flush phenomenon. As pointed out by Zhang et al. (2012), there is significant 
uncertainty associated with first flush predictions even for a small catchment due to 
the influence exerted by a diversity of factors.  
The focus of this chapter is to present the outcomes of the data analysis undertaken 
to evaluate the influence of catchment characteristics on first flush. Data for this 
analysis was obtained as explained in Chapter 5. The analysis and the outcomes 
presented in this Chapter are supported by the analysis and outcomes of Chapter 6, 
which discusses the influence of rainfall characteristics on first flush. In the analysis 
discussed in this Chapter, apart from conventional catchment parameters such as 
catchment area, slope and percentage of impervious area, other parameters such as 
the location of pollutant sources, the location of the gully pit/s that transport the 
stormwater to the catchment outlet, spatial distribution of pervious and impervious 
surface were also taken into account. 
In this Chapter, the selection of indicators and events are first discussed, followed by 
the preliminary analysis of the influence of catchment characteristics on first flush 
using both first flush indicators, namely, interval first flush indicators (LV) and 
section first flush indicators (P), in order to derive an overall understanding of the 
correlations and behaviour of the first flush indicators. The influence of catchment 
characteristics on first flush was then investigated by analysing LV and P indicators 
separately. Detailed investigations on the influence of catchment characteristics on 
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first flush were then carried out using individual first flush indicators for total 
suspended solids (TSS), total phosphorus (TP) and total nitrogen (TN). 
7.2 SELECTION OF INDICATORS AND EVENTS 
Selection of first flush indicators and appropriate rainfall events was critical for this 
analysis. Data availability from multiple catchments was important for evaluating the 
influence of catchment characteristics. Accordingly, appropriate rainfall events from 
multiple catchments were selected. In this regard, three rainfall events were 
identified with available data for all three catchments (referred to as 3 common 
events) while four rainfall events were identified with data available for two 
catchments (referred as 2 common events). As a result, 17 out of the originally 
identified 23 rainfall events were selected for the analysis with each event counted 
multiple times based on the number of applicable catchments. Table 7.1 provides a 
summary of the selected events. 
 
Table 7.1: Selected rainfall events 
Group Event Applicable catchments 
3 common events Event 1, Event 4, Event 6 A, B, C 
2 common events 
Event 5, Event 7 A, B 
Event 10, Event 13 B, C 
 
 
7.3 PRELIMINARY ANALYSIS OF THE INFLUENCE OF CATCHMENT 
CHARACTERISTICS ON FIRST FLUSH 
PROMETHEE and GAIA methods were employed to investigate the influence of 
catchment characteristics on first flush. Three data matrices (17 x 18) for TSS, TP 
and TN were used for the PROMETHEE analysis with rainfall events being the 
objects and the indicators sets LV and P being the variables. For this analysis, all 
first flush indicators (LV, P) were maximised so that the rainfall event with the 
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highest LV and P were ranked first. The V-shaped preference function was selected 
with threshold value equivalent to the maximum value in the data range. All 
variables were given the same weighting and therefore, no variable was favoured 
over others. 
Table 7.2 summarises the ranking of PROMETHEE II for TSS, TP and TN whilst 
the GAIA biplots for the three pollutants are shown in Figures 7.1, 7.2 and 7.3, 
respectively. As evident in Table 7.2, most objects from Catchment A occupy the 
highest ranking for all three pollutants closely followed by objects from Catchment 
B. Catchment C objects are located relatively low in the PROMETHEE II ranking. 
This is further confirmed by the GAIA biplots given in Figures 7.1(a), 7.2(a) and 
7.3(a). Most of Catchment A objects are loaded on the +ve PC1 axis while 
Catchment C objects are loaded on –ve PC1 axis. As evident in Figures 7.1(a), 
7.2(a), 7.3(a), objects from catchment A and C are clearly clustered along the PC1 
direction while objects from catchment B are spread across PC1. These observations 
suggest that the first flush is clearly influenced by catchment characteristics.  
It is important to note that the separation of objects into clusters is also based on first 
flush indicator sets LV and P. As observed in Figure 7.1(b), Figure 7.2(b), and 
Figure 7.3(b), all LV variables are loaded on +ve PC1 axis. This suggests that 
objects loaded on +ve PC1 are objects associated with high LV values. However, P 
variables are loaded separately either on +ve PC1 or –ve PC1 axis. As observed in 
Figure 7.1(b), P0010, P1020, P2030, P3040, P4050 are loaded on +ve PC1 axis 
while the remainder P variables are loaded on +ve PC1 axis. This suggests that 
objects loaded on +ve PC1 axis are objects associated with wash-of load during 0% - 
50% of the runoff volume while objects loaded on –ve PC1 axis are associated with 
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Table 7.2: PROMETHEE II ranking of TSS, TP and TN investigated using LV 
and P indicators 
WQ parameter
Ranking Event Ф Event Ф Event Ф
1 B6 0.32 B5 0.24 A5 0.26
2 A6 0.25 B10 0.17 A7 0.21
3 A7 0.19 A5 0.15 A4 0.17
4 A4 0.19 B6 0.14 B5 0.17
5 A5 0.17 A4 0.13 B6 0.16
6 B1 0.07 B4 0.13 B1 0.11
7 B5 0.05 A7 0.1 A6 0.05
8 C10 0.03 B10 0.03 C1 0
9 B10 0 C1 0 A1 -0.03
10 C1 -0.03 A6 -0.05 C13 -0.05
11 B4 -0.03 C10 -0.09 B4 -0.05
12 B7 -0.06 C6 -0.12 C4 -0.07
13 A1 -0.12 C13 -0.13 C10 -0.08
14 C13 -0.13 C4 -0.14 B10 -0.13
15 C6 -0.2 A1 -0.14 B13 -0.19
16 C4 -0.31 B7 -0.19 B7 -0.21











Figure 7.1: GAIA biplot of wash-off behaviour of TSS using LV and P 
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Figure 7.2: GAIA biplot of wash-off behaviour of TP using LV and P  
indicators, (a) objects and variables, (b) variables only 


















Figure 7.3: GAIA biplot of wash-off behaviour of TN using LV and P 
indicators, (a) ) objects and variables, (b) variables only 
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7.4 INFLUENCE OF CATCHMENT CHARACTERISTICS ON TSS FIRST 
FLUSH 
7.4.1 Influence of Catchment Characteristics on First Flush Investigated using 
LV Indicators  
Analysis was done using a data matrix (17 x 9; consisting of 17 rainfall events and 9 
LV variables). To be consistent with the previous analysis, PROMETHEE and 
GAIA analytical tools were used. Figure 7.4(a) shows the GAIA biplot and the 
PROMETHEE II ranking list is given in Figure 7.4(b). The high total data variance 
(96.4%) accounted for in the GAIA biplot indicates that almost all the information 
relating to first flush behaviour is explained.  
Figure 7.4(a) shows that objects are primarily spread along the PC1 axis. It can also 
be noted that variables LV10 up to LV40 have high loadings on PC1 axis. This 
suggests that almost all the objects are significantly influenced by variables LV10 to 
LV40. This is an indication of the dominant existence of the first flush up to 40% of 
the runoff volume. The decision axis pi is also located between LV30 and LV40 
vectors. This is similar to the analysis given in Section 6.3.3(a) and further confirms 
that the first flush exists up to 40% of the runoff volume.  
The GAIA biplot in Figure 7.4(a) also shows that LV variables are loaded in 
sequential order in the direction of –ve PC2 to +ve PC2 axis with high loading on 
+ve PC1 axis. This suggests that objects loaded on +ve PC1 axis have a high 
percentage of solids washed-off in contrast to the objects loaded on –ve PC1 axis. In 
other words, the majority of Catchment A objects are associated with high LV which 
is in contrast to most Catchment C objects that are loaded on –ve PC1 axis. 
According to Figure 7.4(a), objects from Catchment B are scattered on PC1 axis 
suggesting that these objects have high variations of LV either with high or low LV 
values. This highlights the influence of catchment characteristics on first flush. 
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Figure 7.4 :GAIA biplot of TSS wash-off during rainfall events investigated using LV indicators, (b) PROMETHEE II ranking 
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These observations are further confirmed by the PROMETHEE II ranking given in 
Figure 7.4(b). As evident in Figure 7.4(b), Catchment B objects occupy the top and 
low positions of the ranking while Catchment C objects are ranked low. Catchment 
A objects however are ranked at 1, 3, 6, 9. It can also be observed from Figure 7.4(b) 
that the whole net outranking flow range (φ = 0.15 to φ = -0.28) is very small 
indicating that wash-off behaviour between the events are not significantly different. 
However, the influence of catchment characteristics on the wash-off process still 
exists. In order to further investigate the influence of catchment characteristics on the 
wash-off process to confirm the first flush phenomenon, detailed investigation were 
carried out by analysing the P variables. 
 
7.4.2 Influence of Catchment Characteristics on First Flush Investigated using 
P Indicators 
The data matrix of 17 objects and 9 variables was subjected to the PROMETHEE II 
analysis. The 17 rainfall events identified previously were the objects with 9 LV 
indicators as the variables. Figure 7.5(a) displays the GAIA biplot and Figure 7.5(b) 
lists the PROMETHEE II ranking. The high data variance explained by the GAIA 
biplot (74.3%) was considered adequate to provide detailed information in relation to 
the data set. 
According to Figure 7.5(a), P variables for the first 50% of the runoff volume (0% -
50%) are loaded on –ve PC1 axis while the remainder of P variables are loaded on 
+ve PC1 axis. This suggests that Catchment A objects are associated with high 
wash-off load during the initial part of the runoff volume thus confirming the first 
flush phenomenon. In contrast, most objects from Catchment C are associated with 
high wash-off load after 20% of the runoff volume except for C6 which is associated 
with high load during the initial (the first 10% of runoff volume ) and also after 50% 
of the runoff volume. However, Catchment B objects are scattered either on +ve PC1 
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Figure 7.5: (a) GAIA biplot of TSS wash-off during rainfall events investigated using P indicators, (b) 
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These observations are also supported by the PROMETHEE II ranking. As evident 
in Figure 7.15(b), Catchment A objects have a low ranking where majority of 
Catchment C objects are ranked at the top while Catchment B objects occupy both 
top and low rankings. Although the whole net outranking range is small (Φ = 0.12 to 
Φ = -0.15) indicating the wash-off behaviour between the events was not 
significantly different, the influence of catchment characteristics on TSS first flush 
still exits.  
 
7.4.3 Discussion 
Based on the investigation of LV and P loadings, it can be concluded that first flush 
phenomenon varies within catchments due to the influence of catchment 
characteristics. Catchment A objects experience high wash-off load in the initial 50% 
of the runoff volume with high wash-off load throughout the whole event (high LV). 
This is attributed to the location of the pollutant sources which are positioned close 
to the outlet. As noted in past studies, solids present in urban stormwater runoff 
originate from impervious surfaces. However, pervious surface could also 
significantly contribute high solids load to runoff especially from exposed surfaces 
due to erosion particularly during high rainfall events (Bannerman et al. 1993).  
As evident in Figures 7.6, there are gardens in front of the three houses which are 
marked in green colour. These gardens are located very close to the Catchment A 
outlet. As identified in rainfall – runoff analysis in Section 5.4, only impervious 
surfaces contribute to the runoff, suggesting runoff is not generated from the 
pervious surfaces. However, there is a possibility that eroded solids from the exposed 
surface in the catchment could be deposited on the road surface due to wind induced 
erosion (refer Figure 7.7a). As evident in Figure 7.7 (a) and Figure 7.8, there is also a 
gully pit in front one of the three houses that transports the runoff to the outlet which 
is very near to the outlet. These characteristics would accelerate the transport of 
solids to the catchment outlet due to the short distance from the source. This suggests 
that the location of pollutant sources and the drainage system layout play an 
important role in the wash-off process, thus influencing the first flush phenomenon.  
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Additionally, the pervious surfaces in Catchment A are relatively large and clustered 
near to the downstream end of the catchment such as a park (refer Figures 7.6, 7.7 
and 7.8), while the pervious surfaces in Catchment B and C are evenly distributed 
throughout the catchment area (refer Figure 7.6). This further confirms that the 
location of pollutant sources influences the first flush phenomenon.  
 
 
Figure 7.6: Layout of impervious and pervious surfaces and the direction of 
stormwater runoff for Catchment A, Catchment B and Catchment C (adapted 
from Parker 2010) 
Catchment A outlet  
Catchment B outlet  
Catchment C outlet  
Gardens in front of residents houses 
Park 
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Figure 7.7: Characteristics of Catchment A, (a) pervious area in front of the 
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Figure 7.8: Stormwater drainage systems layout of Catchment A and Catchment B  
Nearest gully pit in front 
of the three houses 
Catchment A outlet  
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The spatial distribution of the impervious surfaces also plays an important role in the 
first flush phenomenon. Table 7.3 lists the characteristics of Catchment A, 
Catchment B and Catchment C such as the total area, the fraction of impervious 
surfaces including roads and roofs surfaces, lag time and description of each 
catchment. As noted in Table 7.3, Catchment A has a high percentage of road 
surface area compared to Catchment C. Accordingly, a high fraction of road surface 
area in an urban catchment suggests a high solids load.  
As pointed by Edgodawatta et al. (2009), the amount of solids on a roof surface is 
relatively low compared to a road surface as the source of pollutants are mainly due 
to atmospheric depositions and degradation of cladding material (Berretta et al. 
2007; Van Metre and Mahler 2003), whereas road surfaces may have additional 
sources. Furthermore, the road in Catchment A is an arterial road which is associated 
with high traffic volume and is located very close to the outlet compared to 
Catchment C, where the road is mostly only accessed by the residents (refer Figure 
7.6 and Figure 7.8). 
Slope of the catchment surface also plays an important role in transporting the solids 
to the catchment outlet. According to Table 7.3, Catchment A is the biggest among 
the three catchments. However, the average lag time of Catchment A is only 4.22 
minutes which is not significantly different compared to the average lag time of 
Catchment B and Catchment C. This suggests that high runoff velocity is 
experienced in Catchment A. The reason for this is the relatively steeper slope of 
Catchment A particularly at the upstream end, compared to Catchment B and C. 
Consequently, the quantity of solids detached from the catchment surface is 
increased and will be transported to the outlet in a short time period. This explains 
the high load for the first 50% of runoff volume experienced in Catchment A.  
As can be observed in Figures 7.6, 7.9 and 7.10, Catchment C has completely 
different characteristics compared to Catchment A. Although Catchment C is the 
smallest catchment, high wash-off load occurred after 20% of the runoff volume 
with low LV values throughout the event. As discussed earlier, the lag time of 
Catchment C is 2.27 minutes which is not significantly different compared to 
Catchment A, despite being the smallest catchment. 
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Figure 7.9: Stormwater drainage systems layout of Catchments C 
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Figure 7.10: Characteristics of Catchments C, (a) road and pervious surfaces, 
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A 44,470 48.00 22.0 26.00 4.22 
Pervious area and gully pit are very close to catchment 
outlet. The slope of the catchment is relatively steeper 
particularly at the upstream end compared to Catchment B 
and Catchment C. 
B 10,500 47.00 3.40 43.60 3.14 Runoff primarily from the roof.  
C 6,530 52.00 15.00 370 2.27 Gully pit located far from the catchment outlet. 
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This is probably due to the mild slope of Catchment C which may have delayed the 
transport of pollutants to the outlet and the detaching of solids from the catchment 
surface. Furthermore, the road is only accessed by the resident suggesting a low 
source of solids due to the low traffic volume. Therefore, due to these factors, there 
is a relatively lower magnitude of solids washed-off in Catchment C. 
The wash-off behaviour in Catchment B can be either high or low based on the LV 
and P. This suggests the high variation in wash-off behaviour experienced in 
Catchment B. As evident in Table 7.3, the impervious surface in Catchment B is 
dominated by roof surfaces with a small fraction of driveways and road. This would 
influence the wash-off behaviour in Catchment B. The texture of the roof surfaces is 
smoother compared to the road surfaces. Therefore, the ability of the roof surface to 
hold the pollutants is much weaker compared to the road surface (Egodawatta et al. 
2009).  
The amount of pollutants on the roof surfaces is also low in comparison to the road 
surface (Egodawatta et al. 2009). This influences the wash-off behaviour of roof 
surfaces. A rainfall event with high intensity at the initial part of the event would 
wash-off a significant fraction of pollutants load due to the weak ability of the roof 
surface to hold the pollutants. This will produce high wash-off load particularly 
during the initial part of the event. However, during a low rainfall intensity event, the 
transport of pollutants to the catchment outlet will be slower due to the distance 
between the roof and the catchment outlet which is relatively far compared to a road. 
As a result, a relatively low pollutant load is washed-off for this kind of rainfall 
event. This suggests that spatial distribution of roof and road surfaces also play a 
significant role in transporting high or low pollutant load, thus influencing first flush 
behaviour. 
Accordingly, it can be concluded that the location of the pollutant source, layout of 
the drainage path that transports stormwater to the outlet, the spatial distribution of 
pervious and impervious surfaces, and slope of the catchment has more influence on 
first flush than the size of the catchment. This demonstrates that the first flush 
phenomenon is influenced by a range of catchment characteristics and cannot be 
accurately evaluated based solely on the catchment area or slope of the catchment.  
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7.5 INFLUENCE OF CATCHMENT CHARACTERISTICS ON TP FIRST 
FLUSH 
7.5.1 Influence of Catchment Characteristics on First Flush Investigated using 
LV Indicators 
Analysis was carried out using a data matrix of 17 objects and 9 variables. Rainfall 
events were the objects while LV indicators were the variables. PROMETHEE and 
GAIA analytical tools were used in order to be consistent with the previous analysis. 
Figure 7.11(a) displays the GAIA biplot for objects loading for TP while Figure 
7.11(b) lists the PROMETHEE II ranking. The total data variance of 96.6% as 
shown in the GAIA biplot (refer Figure 7.11a) indicates that most of the variance 
relating to first flush behaviour is accounted for in the analysis. 
As evident in Figure 7.11 (a), objects are scattered with high loadings on PC1 axis. 
Similar to TSS analysis, LV10 up to LV40 show high loading on PC1 axis. This 
suggests that first flush is dominant up to 40% of the runoff volume, which is similar 
to TSS behaviour. Figure 7.11 also shows that LV variables are loaded in sequential 
order starting from –ve PC2 to +ve PC2 and +ve PC1 axis which suggest that objects 
loaded on +ve PC1 axis are those with high LV and vice versa. In Figure 7.11(a), 
objects from Catchment B are scattered along the PC1 axis while most of the 
Catchment C objects are loaded on –ve PC1 axis. This is similar to TSS. However, 
Catchment A objects are clustered close to the origin suggesting that the cumulative 
load (in percentage) of TP washed-off by the events in Catchment A are similar.  
These results are further confirmed by the PROMETHEE II ranking given in Figure 
7.11(b). According to PROMETHEE II ranking, Catchment B objects are ranked at 
the top and bottom while the majority of Catchment C objects have a low ranking. In 
contrast, Catchment A objects are ranked in the middle. Similar to TSS, TP also has 
a very small net outranking flow range (φ = 0.19 to φ = -0.16) suggesting that the 
wash-off behaviour of TP is almost similar for all catchments. However, the 
influence of catchment characteristics on LV still exists, although it is small.  
As observed in Figure 7.11(a), Catchment A and C objects show +ve and –ve scores 
on PC2 respectively. This means that TP wash-off behaviour varies for Catchments 
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A and C and the variation is primarily associated with LV10 and LV greater than 
40% of the runoff (which means LV50, LV60, LV70, LV80 and LV90). However, 
objects from Catchment B are also loaded in a scattered manner along the PC2 axis 
which indicates the high variation of Catchment B objects in terms of the PC2 axis. 
In order to further investigate the influence of catchment characteristics on the wash-
off process for confirming the first flush phenomenon, detailed investigations were 
carried out by analysing P variables.  
 
  


































Figure 7.11: (a) GAIA biplot of TP wash-off during rainfall events investigated using LV indicators, (b) PROMETHEE 
II ranking of events based on LV indicators for TP 
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7.5.2 Influence of Catchment Characteristics on First Flush Investigated using 
P Indicators 
A data matrix of 17 objects and 9 variables was submitted to PROMETHEE 
analysis. Rainfall events were the objects while the variables were represented by the 
P indicators. Figure 7.12(a) displays the GAIA biplot. A significant data variance of 
68.7% accounted for by the GAIA biplot was considered adequate to extract 
knowledge from the data set about the first flush phenomenon. Figure 7.12(b) lists 
the PROMETHEE II ranking for TP. 
According to Figure 7.12(b), Catchment A objects are scattered based on their wash-
off characteristics. It is observed that the majority of Catchment A objects are loaded 
on –ve PC2 axis and these objects are associated with high P particularly at 0% - 
50% of the runoff volume while only one object shows high wash-off load during 
0% - 30% of the runoff volume which is A4. This suggests that Catchment A objects 
experienced high wash-off load in the initial part of the runoff event (the initial 
50%), although the wash-off behaviour is also influenced by rainfall and pollutant 
characteristics as explained in Section 6.4.5(iii).  
As observed in Figure 7.12(b), almost all the objects from Catchment C are loaded 
on +ve PC1 axis which is associated with high wash-off load at the end part of the 
event. Events C10 and C13 are loaded differently to the other C objects with high 
wash-off load at the end of the events. Both objects are associated with high wash-
off load after 50% of the runoff volume suggesting that first flush phenomenon does 
not exist. This is further confirmed by the finding in Section 5.5, Section 6.4.3(a) and 
Section 6.4.4(a) where both objects were identified as non first flush events. 
However, C1, C4 and C6 have high wash-off load during the initial part of the runoff 
event (the first 10%). This suggests that these objects experience first flush. 
Similar to TSS, Catchment B objects are scattered along PC1 axis (refer Figure 
7.12b). This suggests that Catchment B objects experience high wash-off load either 
during the early part of the event or towards end part of the event. As can be 
observed in Figure 7.12(a), objects B4 and B5 are loaded on –ve PC1 axis while B1 
and B6 objects are loaded on –ve PC2 axis which suggests that they are associated 
with high wash-off load at the initial part of the event, thus confirming the existence 
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of first flush. However, object B7 has high wash-off load during both, early and at 
the end part of the event. As observed in Figure 7.12(a), object B13 is separated from 
the other objects and located at the end of +ve PC1 axis and is associated with high 
wash-off load at the end part of the event which indicates that first flush did not 
occur. This further confirmed the finding in Section 5.5, Section 6.4.3(a) and Section 
6.4.4(a). 
These observations from the GAIA biplot are further confirmed by the 
PROMETHEE II ranking given in Table 7.12(b). Catchment B events have high and 
low ranking while most of Catchment A objects are ranked at the middle. However, 
as Catchment C experienced two different wash-off behaviours, the objects have 
high and low ranking. Similar to TSS, the net outranking is very small indicating that 
the wash-off behaviour between the events was not significantly different. This is 
due to the fact that the characteristics between the catchments are not excessively 
different in terms of the area, slope and fraction of impervious surfaces. However, 
























Figure 7.12: (a) GAIA biplot of TP wash-off during rainfall events investigated using P indicators, (b) 
PROMETHEE II ranking of events based on P indicators for TP 
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7.5.3 Discussion 
Based on the outcomes of the LV and P analyses, it was found that Catchment A 
objects experience high wash-off load particularly during the 0% -50% of the runoff 
volume. This further confirmed the existence of first flush for events in Catchment A 
which is similar to the outcomes for the TSS analysis. As identified in Section 6.4.5, 
the interaction of TP wash-off behaviour with rainfall characteristics is similar to 
TSS. This further confirmed the outcomes of past research that noted TP is strongly 
associated with solids and mainly transported in particulate form by stormwater 
runoff (Zhao et al., 2007;Quinton et al., 2001; Uusitalo et al., 2001).  
As phosphorus originates from the application of fertiliser in gardens in residential 
catchments, it is postulated that the close location of pollutant sources in Catchment 
A to be the reason for the high load in the runoff particularly in the early part. The 
transport of phosphorus to the outlet is further accelerated with the location of a 
gully pit in Catchment A which is very close to the catchment outlet. A high fraction 
of road surfaces with relatively steep slope further increases the transport of TP load 
to the catchment outlet. 
In contrast to Catchment A, low wash-off load throughout the event (LV) was 
observed for Catchment C objects. Further investigation of the TP wash-off load for 
every section of the runoff volume (P) found that two of Catchment C objects were 
non first flush events while the remainder of the objects experienced high wash-off 
load during the initial and at the end part of the event. Apart from the influence of 
catchment characteristics, it is postulated that the TP characteristics also influence 
the wash-off behaviour. This is because, for the same event, the wash-off behaviour 
of TP is completely different compared to TSS wash-off behaviour. This can be 
observed for Events 1 and 4. As for TSS, both events experienced high wash-off load 
after 50% of the runoff volume (refer Figure 7.5a). However, the high wash-off load 
was experienced at the initial and at the end of the runoff event. The composition of 
TP is attributed to be the reason for this result. 
Although phosphorus is primarily transported in particulate form, there is a 
possibility for the existence of a dissolved phosphorus fraction at Catchment C. As 
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revealed by Goonetilleke et al. (2005), phosphorus can be found in dissolved form 
which is contrary to past research findings (for example, Quinton et al. 2000; 
Uusitalo et al. 2001). Therefore, it is postulated that there was a relatively high 
fraction of dissolved phosphorus present in Catchment C during the initial part of the 
runoff which was readily removed and transported rapidly to the outlet. This results 
in the high wash-off load in the initial part of the event, thus confirming the 
existence of the first flush phenomenon.  
As identified in Section 6.4.5 (iiic), Event 10 (B10, C10) and Event 13 (B13, C13) 
were events with low intensity at the initial part. Therefore, the rainfall did not have 
sufficient energy to significantly detach pollutants from the catchment surface. As 
observed in Figure 7.12(a), both B13 and C13 were classified as non first flush 
events, indicating the dominant influence of rainfall rather than catchment 
characteristics. However, for B10 and C10, catchment characteristics exert a 
dominant influence on the wash-off process rather than the rainfall characteristics as 
the two events exhibited different wash-off behaviour. Based on the discussion 
above, it can be concluded, that first flush is influenced by catchment, rainfall and 
pollutant characteristics and cannot be accurately evaluated solely by using a very 
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7.6 INFLUENCE OF CATCHMENT CHARACTERISTICS ON TN FIRST 
FLUSH 
7.6.1 Influence of Catchment Characteristics on First Flush Investigated using 
LV Indicators 
Analysis was carried out using a data matrix (17 x 9; consisting of 17 rainfall events 
and 9 LV variables for TN). To be consistent with the previous analysis, 
PROMETHEE and GAIA analytical tools were employed. Figure 7.13(a) shows the 
GAIA biplot while the PROMETHEE II ranking of the objects is listed in Figure 
7.13(b). The large data variance accounted for by the GAIA biplot (96.4%) was 
considered adequate to provide detailed information in relation to the data set 
The GAIA biplot given in Figure 7.13(a) shows that the variables are loaded 
anticlockwise from +ve PC1 to –ve PC1 axis for LV10, LV20, LV30, LV40, LV50, 
LV60, LV70, LV80, and LV90. This suggests that Catchment A objects loaded on 
+ve PC1 axis are associated with high LV while almost all the objects from 
Catchment C have low LV as these are loaded on the -ve PC1 axis. Similar to TSS 
and TP, Catchment B objects are loaded in a scattered manner on the PC1 axis which 
indicates the high variation of LV value. 
These observations are supported by the PROMETHEE II ranking (refer Figure 
7.13b). As evident in Figure 7.13(b), Catchment C objects are ranked low while 
Catchment B objects occupy both, top and low ranking. Although the net outranking 
flow range (φ = 0.16 to φ = -0.11) is very small for TN, which indicates that the 
difference in the wash-off process is not very significant, catchment characteristics 
still play a role in the wash-off process. In order to further investigate the influence 
of catchment characteristics on the wash-off process, detailed investigations were 




































Figure 7.13: (a) GAIA biplot of TN wash-off behaviour during rainfall event examined by LV indicators, (b) 
PROMETHEE II ranking of the rainfall events examined using LV indicators for TN 
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7.6.2 Influence of Catchment Characteristics on First Flush Investigated using 
P Indicators 
The data matrix (17 x 9; consisting of 17 rainfall events and 9 P variables) was 
submitted to the PROMETHEE II analysis. Figure 7.14(a) displays the GAIA biplot 
while Figure 7.14(b) lists the PROMETHEE II ranking. The large data variance 
accounted for by the GAIA biplot (76.4%) was considered adequate to provide 
detailed information in relation to the data set.  
As shown in Figure 7.14(a), the variables are loaded separately into two groups; the 
initial and end P variables are loaded on +ve PC1 axis, while the remainder of P 
variables are loaded on –ve PC1 axis. This suggests that Catchment A objects loaded 
on –ve PC1 axis are associated with a high wash-off rate during 10% - 50% of the 
runoff volume which further confirms the existence of the first flush phenomenon. 
However, for Catchment C, almost all the objects are loaded on –ve PC1 axis while 
only C6 is loaded on +ve PC1 axis. This suggests that C6 experienced high wash-off 
characteristics in the initial and at the end of the runoff event while the remainder of 
the events of Catchment C have high TN wash-off load during 30% - 80% of the 
runoff volume. This is a bit delayed compared to Catchment A objects which are 
associated with high wash-off load during 10%- 50% of the runoff volume. Similar 
to TSS and TP, Catchment B objects are loaded in a scattered manner along the PC2 
axis suggesting high variation of wash-off behaviour for Catchment B objects.  
These observations are also supported by the PROMETHEE II ranking in Figure 
7.14(b). Catchment B objects occupy both low and high ranking in PROMETHEE II 
ranking. Catchments A objects have a low ranking, which contrasts with Catchment 
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7.6.3 Discussion 
Based on the outcomes of LV and P analyses, it is observed that Catchment A 
objects have high wash-off load during the first 50% of the runoff volume. This 
confirmed the existence of first flush for rainfall events of Catchment A. As nitrogen 
is primarily transported in dissolved form, it is postulated that the high fraction of 
road surface and the relatively steeper slope of Catchment A contributed to the 
phenomenon. In contrast, the characteristics of Catchment C resulted in delayed first 
flush being experienced as high polluted load occurred after 30% of the runoff 
volume. Similar to TSS and TP, the high variation of wash-off behaviour was 
observed for events in Catchment B either having high or low load wash-off during 
the event. 
The net outranking flow range (φ = 0.06 to φ = -0.07) of PROMETHEE II is small, 
which suggests that TN wash-off behaviour for all the three catchments were very 
similar. Consequently, all the objects are closely clustered near to the origin except 
for C6 object (refer Figure 7.14a). This is attributed to the characteristics of TN 
itself. As identified in Section 6.5.5(iii), TN is classified as a source limiting 
pollutant due to its ready wash-off behaviour. Therefore, the wash-off process is 
highly dependent on the availability of TN on the catchment surface. 
 
7.7 CONCLUSIONS 
This chapter investigated the influence of catchment characteristics on first flush 
based on the distribution of wash-off load for the whole event (indicator LV) and 
also for segments of runoff volume (indicator P). Initially, both first flush indicators, 
LV and P were submitted to PROMETHEE and GAIA for preliminary analysis. 
However, as both first flush indicators represent different first flush characteristics, 
separate analysis was needed to be conducted. LV variable indicates the cumulative 
pollutant load washed-off and comparing with the total load represents the wash-off 
behaviour for the whole event. In contrast, P measures the load wash-off for 10% 
runoff volume intervals. Therefore, by using the P variable, the actual wash-off load 
can be known. Table 7.4 summarises the wash-off behaviour of TSS, TP and TN for 
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Catchment A, Catchment B and Catchment C. In general, the wash-off behaviour of 
TSS, TP, and TN in terms of LV and P indicators for the three catchments has some 
similarity with some variation between the pollutants. Given below are the 
conclusions derived regarding the influence of catchment characteristics on first 
flush: 
 In general, wash-off behaviour varied within the catchments, which 
demonstrates the influence of catchment characteristics on first flush. First 
flush behaviour is attributed to be a combination of the location of the 
pollutant source, spatial distribution of the pervious and impervious surfaces 
in the catchment, drainage network layout, the slope of the catchment and 
also the pollutant/characteristics. This confirms that first flush phenomenon 
cannot be accurately evaluated based on a single or a limited set of 
parameters as suggested in past research literature. 
 The analysis outcomes confirmed that catchment characteristics influenced 
first flush behaviour. Wash-off behaviour varied within the catchments 
although, not significantly. This was due to the fact that the specific 
characteristics of the three catchments were quite similar. This is shown by 
the net outranking flow range for both LV and P analyses.  
 For both LV and P analyses, TP had the widest net outranking flow range 
while TN had the smallest range. This was due to the pollutant 
characteristics. As TP can be transported either in particulate or dissolved 
form, the range was wider compared to TSS and TN. In contrast, TN was 
source limiting. Therefore, the TN wash-off behaviour was very similar for 
all catchments which produced a very small range or variation. This was 
confirmed when P variables were evaluated. 
 The analysis further confirmed the wash-off behaviour described in Chapter 
6. The analysis separated first flush and non first flush events, whereby 40% 
of the runoff volume was found to represent the cut-off point of the first flush 
phenomenon.TSS, TP and TN had similar wash-off behaviour in Catchment 
A. High wash-off load, particularly during the first 50% of the runoff 
volume, further confirmed the first flush occurrence. The close location of 
the pollutant sources, slope of the catchment, spatial distribution of pervious 
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and impervious surface, and the drainage network layout were attributed to 
be the  primary factors that influenced the first flush phenomenon, rather than 
the size of the catchment. 
 Wash-off behaviour in Catchment C varied with the pollutants although 
Catchment C objects consistently experienced low wash-off load throughout 
all rainfall events (low LV). C6 event had high wash-off load during the first 
10% and at the end of the runoff event for TSS, TP and TN. High load 
occurred after 20% of the runoff volume for TSS, and were slightly delayed 
for TN, which occurred after 30% of the runoff volume. However, two types 
of wash-off behaviour were observed for TP; high wash-off load during the 
first 10% of the runoff volume, and high load at the end. Therefore, it can be 
concluded that pollutant characteristics also play an important role in 
influencing the wash-off behaviour as well as the catchment characteristics. 
 Catchment B experienced either high or low wash-off load for TSS, TP and 
TN. This was attributed to the spatial distribution of impervious and pervious 
surfaces of Catchment B. Roof surfaces dominated the fraction of impervious 
surface in Catchment B. High rainfall intensity particularly in the early part 
of the event would wash-off a significant fraction of the pollutants load due 
to reduced ability of the roof surface to hold the pollutants. However, with 
low rainfall intensity, the transport of pollutants to the catchment outlet was 
slower because the distance between the roof and the catchment outlet was 
relatively far compared to the road. 
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GAIA biplot PROMETHEE 
Catchment A Catchment B Catchment C Ф value 
LV 
TSS High ranking  High variation Low ranking  0.15 to -0.28 
TP Middle ranking   High variation Low ranking  0.19 to --0.16 
TN High ranking  High variation Low ranking 0.16 to -0.11 
P 
TSS 
High wash-off load 
during 0% - 50% 
High variation 
 High in the initial 10% and at the 
end of the event 
 High after 20% of runoff volume  
0.12 to  - 0.15 
TP 
Majority with high 
wash-off load 
during 0% - 50%) 
High variation 
 High in the initial 10% and at the 
end of the event 
 Last flush 
0.16 to -0.2 
TN 
High wash-off load 
during 10% - 50% 
High variation 
 High in the initial 10% and at the 
end of the event 
 High at 30%-80% 
0.06 – 0.07 
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Chapter 8: Conclusions and 
Recommendations 
8.1 CONCLUSIONS 
This thesis provides the outcomes of a comprehensive investigation of first flush 
behaviour in urban catchments. The analysis was undertaken to better understand 
the influence that rainfall characteristics and catchment characteristics have on 
first flush behaviour. The study was undertaken using two sets of first flush 
indicators and relevant rainfall parameters. First flush indicators were selected 
such that they were representative in explaining the characteristics associated with 
first flush, in a systematic manner. The first flush indicators selected were; 
interval first flush indicators (LV) and section first flush indicators (P). LV is the 
cumulative pollutant load for every 10% of runoff volume interval until 90% of 
runoff volume. P is the increment in pollutant load washed-off at 10% of runoff 
volume interval.  
Data for the analysis were derived from stormwater monitoring stations installed 
at three urban catchments in Coomera Waters, Gold Coast, Australia. Three water 
quality parameters were analysed for the stormwater samples collected, namely, 
total suspended solids, total phosphorus and total nitrogen as these are the primary 
stormwater pollutants targeted for removal in Water Sensitive Urban Design 
strategies.  
The data analysis revealed that the selected first flush indicators, LV and P, play a 
key role in the outcomes generated and were considered to be the best approach in 
first flush analysis. LV provides a set of indicators that are capable of 
differentiating events comprehensively while P provides a set of variables that 
differentiate wash-off during an event in 10% increments of runoff volume. The 
results generated using the indicator sets LV and P were more comprehensive 
when compared to conventional first flush indicators used in past research. An 
example of these is 20/40 concept where 40% of the pollutant load is expected to 
be transported during 20% of the runoff volume. Approaches of this nature 
express the first flush indicator on a lumped basis which this study has shown to 
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be inappropriate. 
 
The key conclusions derived from the analysis are discussed below. 
8.1.1 Existence of First Flush  
 First flush phenomenon exists from the commencement of the rainfall 
event and the effect of first flush generally continuesduring  40% of the 
runoff volume. This contradicts common definition that first flush 
exists only at specific runoff volume. For example, that 40% of the 
pollutant load is transported in the first 20% of the runoff volume. 
 Rainfall events can be classified into three categories based on the 
following first flush behaviour; 
o High magnitude first flush events which results in high wash-off 
load; 
o Low magnitude first flush events; and  
o Events that do not exhibit first flush phenomenon or which exhibit 
high wash-off load at the end part of the rainfall event. 
 
8.1.2 Influence of Rainfall Characteristics on First Flush 
 The introduction of novel first flush indicators and corresponding 
rainfall parameters in this study eliminated the uncertainty regarding 
the influence of rainfall and catchment characteristics on first flush. 
The impact of rainfall on each runoff volume interval was evaluated, 
rather than using a single first flush indicator based on rainfall 
parameters. 
 First flush behaviour of the dissolved fraction of total nitrogen was 
significantly different to total suspended solids and total phosphorus 
first flush. 
 The study confirmed that events with low rainfall intensity produces 
high magnitude first flush, while high rainfall intensity produces low 
magnitude first flush for the dissolved fraction of total nitrogen.  
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 Apart from rainfall characteristics, the composition and the availability 
of total nitrogen on the catchment also play a role in total nitrogen first 
flush occurrence. This is attributed to the source limiting behaviour of 
dissolved total nitrogen wash-off. A high fraction of wash-off occurs 
during the initial part of a rainfall event irrespective of the rainfall 
intensity.  
 Wash-off of total suspended solids, total phosphorus and particulate 
total nitrogen during the first 10% of the runoff volume showed no 
dependence on corresponding rainfall intensity. This could be attributed 
to wash-off of the “short term pollutant” load also referred to as the 
“weakly adhered” load.  
 Wash-off above the first 10% of the runoff volume was dependent on 
the rainfall intensity. This was attributed to the wash-off of strongly 
adhered solids being exposed as the fraction of weakly adhered solids 
diminishes. The wash-off process also depends on rainfall depth 
towards the end part of the event as the strongly adhered solids are 
loosened by the impact of rainfall in the earlier part of the rainfall 
event. 
 Rainfall intensity that produces 10% and 20% runoff volume (with 
respect to the rest of the event) plays an important role in determining 
the magnitude of first flush. An event can demonstrate a high 
magnitude first flush when the rainfall intensity occurs between 10% 
and 20% of the runoff volume is comparatively high while low rainfall 
intensities during this period produce low magnitude first flush. Events 
with significant high intensity rainfall bursts after only 70% of the 
runoff volume do not demonstrate first flush behaviour. This suggests 
that the rainfall pattern plays a critical role in influencing first flush 
behaviour.  
 This has implications in the design of WSUD systems as it highlights 
that rainfall events with high rainfall intensity during 10% - 20% of the 
runoff volume should be given more attention in treating the 
stormwater runoff as this type of rainfall will produce high magnitude 
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first flush compared to events with low rainfall intensity during the 
same period. The findings also highlight the importance of capturing 
the first 10% of the runoff volume for treating stormwater due to the 
presence of high solids load. However, to be highly effective, it is 
recommended that WSUD systems should treat stormwater runoff up to 
the 40% of the runoff volume. Furthermore, the influence of rainfall 
patterns on first flush behaviour suggests that there are differences in 
first flush for different regions. This highlight the need of regional 
specific design of WSUD systems taking rainfall patterns into 
consideration.  
 
8.1.3 Influence of Catchment Characteristics on First Flush 
The key conclusions derived are discussed below. 
 The influence of catchment characteristics on first flush was secondary 
compared to the influence of rainfall characteristics. This can be partly 
due to the limited variation in characteristics for the three study 
catchments.  
 The key catchment characteristics that influence first flush were 
location of the pollutant source, spatial distribution of the pervious and 
impervious surfaces in the catchment, drainage network layout and 
slope of the catchment. This confirms that first flush phenomenon 
cannot be evaluated based on a single or a limited set of parameters as 
it is the outcome of a range of factors.  
 Total suspended solids, total phosphorus and total nitrogen had similar 
wash-off behaviour in Catchment A with high wash-off load 
particularly during the initial 50% of the runoff volume which further 
confirmed the occurrence of first flush. The close location of the 
pollutant sources, slope of the catchment, the spatial distribution of 
pervious and impervious surface and the drainage network layout are 
attributed to be the primary factors that influence this behaviour rather 
than the size of the catchment. 
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 Total suspended solids, total phosphorus and total nitrogen consistently 
experienced low wash-off load throughout the rainfall events in 
Catchment C compared to Catchment A. This was attributed to the low 
fraction of road surface in Catchment C compared to Catchment A 
which results in a limited pollutant source. The mild slope of 
Catchment C would have also delayed the transport of pollutant to the 
catchment outlet. 
 The wash-off load in Catchment B was either high or low load for total 
suspended solids, total phosphorus and total nitrogen. This was 
attributed to the spatial distribution of impervious and pervious surface 
in Catchment B. Roof surfaces dominate the fraction of impervious 
surface in Catchment B. High rainfall intensity particularly in the early 
part of the event may wash-off a significant fraction of the pollutants 
load due to reduced the ability of the roof surface to hold the pollutants. 
However, with low rainfall intensity, the transport of pollutants to the 
catchment outlet was lower due to the distance between the roof and the 
catchment outlet being  relatively far compared to the road. 
 
8.2 RECOMMENDATIONS FOR FUTURE RESEARCH  
An in-depth understanding and new knowledge regarding first flush behaviour of 
urban catchments was created in this research study. However, a number of 
knowledge gaps still remain which should be considered in future research:  
 In this study, both total phosphorus and total nitrogen were adopted for 
the analysis. It is understood that the wash-off process for total 
phosphorus and total nitrogen could vary due to the species 
composition. Therefore, further investigation of the first flush 
behaviour and the influence of rainfall and catchment characteristics on 
first flush for different species of phosphorus and nitrogen should be 
undertaken. 
 The influence of rainfall characteristics was investigated in relation to 
the pollutant load washed-off during a rainfall event. One of the 
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important parameters in designing a stormwater mitigation structure is 
the particle size distribution. Therefore, it is recommended that the 
particle size distribution of the pollutant load is also investigated 
particularly during the early part of the event. 
 The research study investigated the influence of rainfall and catchment 
characteristics on first flush behaviour only in urban residential 
catchments. Therefore, it is recommended that the influence of rainfall 
and catchment characteristics for different land uses such as 
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 Appendix 256  
Table A.1: Interval and section first flush indicators for TSS 
EVENT LV10 LV20 LV30 LV40 LV50 LV60 LV70 LV80 LV90 LVMAX P0010 P1020 P2030 P3040 P4050 P5060 P6070 P7080 P8090 PMAX
A1 18.00 36.00 50.00 62.00 72.00 78.00 84.00 89.00 94.00 53.00 18.00 18.00 14.00 12.00 10.00 6.00 6.00 5.00 5.00 3.00
A2 24.00 40.00 54.00 69.00 79.00 85.00 90.00 94.00 98.00 73.00 24.00 16.00 14.00 15.00 10.00 6.00 5.00 4.00 4.00 4.00
A3 22.00 38.00 54.00 68.00 78.00 85.00 90.00 96.00 98.00 70.00 22.00 16.00 16.00 14.00 10.00 7.00 5.00 6.00 2.00 2.00
A4 38.00 57.00 61.00 77.00 82.00 88.00 92.00 96.00 99.00 67.00 38.00 19.00 4.00 16.00 5.00 6.00 4.00 4.00 3.00 10.00
A5 26.00 46.00 60.00 70.00 78.00 87.00 94.00 97.00 99.00 66.00 26.00 20.00 14.00 10.00 8.00 9.00 7.00 3.00 2.00 6.00
A6 35.00 48.00 58.00 72.00 85.00 95.00 97.00 98.00 99.00 95.00 35.00 13.00 10.00 14.00 13.00 10.00 2.00 1.00 1.00 10.00
A7 14.00 31.00 46.00 63.00 78.00 92.00 96.00 98.00 99.00 89.00 14.00 17.00 15.00 17.00 15.00 14.00 4.00 2.00 1.00 11.00
A8 19.00 33.00 46.00 56.00 66.00 68.00 78.00 86.00 94.00 89.00 19.00 14.00 13.00 10.00 10.00 2.00 10.00 8.00 8.00 23.00
A9 10.00 18.00 28.00 37.00 47.00 56.00 70.00 82.00 94.00 94.00 10.00 8.00 10.00 9.00 10.00 9.00 14.00 12.00 12.00 47.00
B1 20.00 42.00 61.00 73.00 82.00 86.00 90.00 93.00 96.00 80.00 20.00 22.00 19.00 12.00 9.00 4.00 4.00 3.00 3.00 7.00
B4 26.00 40.00 52.00 62.00 72.00 80.00 86.00 92.00 97.00 75.00 26.00 14.00 12.00 10.00 10.00 8.00 6.00 6.00 5.00 3.00
B5 24.00 52.00 70.00 76.00 81.00 84.00 88.00 92.00 96.00 74.00 24.00 28.00 18.00 6.00 5.00 3.00 4.00 4.00 4.00 4.00
B6 22.00 45.00 63.00 80.00 94.00 98.00 98.00 99.00 99.00 89.00 22.00 23.00 18.00 17.00 14.00 4.00 0.00 1.00 0.00 9.00
B7 14.00 24.00 36.00 49.00 62.00 74.00 86.00 96.00 98.00 92.00 14.00 10.00 12.00 13.00 13.00 12.00 12.00 10.00 2.00 30.00






Table A.1: Interval and section first flush indicators for TSS (continued from the previous page) 
CATCHMENT LV10 LV20 LV30 LV40 LV50 LV60 LV70 LV80 LV90 LVMAX P0010 P1020 P2030 P3040 P4050 P5060 P6070 P7080 P8090 PMAX
B10 18.00 31.00 44.00 56.00 68.00 78.00 86.00 94.00 99.00 83.00 18.00 13.00 13.00 12.00 12.00 10.00 8.00 8.00 5.00 15.00
B13 6.00 14.00 24.00 33.00 42.00 53.00 68.00 83.00 94.00 90.00 6.00 8.00 10.00 9.00 9.00 11.00 15.00 15.00 11.00 48.00
C1 17.00 32.00 46.00 60.00 69.00 77.00 85.00 92.00 98.00 64.00 17.00 15.00 14.00 14.00 9.00 8.00 8.00 7.00 6.00 4.00
C4 14.00 24.00 34.00 44.00 54.00 64.00 74.00 84.00 94.00 91.00 14.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 37.00
C6 53.00 57.00 62.00 66.00 70.00 73.00 78.00 86.00 92.00 50.00 53.00 4.00 5.00 4.00 4.00 3.00 5.00 8.00 6.00 50.00
C10 6.00 24.00 42.00 58.00 70.00 80.00 89.00 94.00 98.00 63.00 6.00 18.00 18.00 16.00 12.00 10.00 9.00 5.00 4.00 5.00
C11 16.00 39.00 55.00 65.00 76.00 82.00 87.00 91.00 96.00 54.00 16.00 23.00 16.00 10.00 11.00 6.00 5.00 4.00 5.00 15.00
C12 20.00 32.00 46.00 58.00 72.00 79.00 84.00 89.00 95.00 61.00 20.00 12.00 14.00 12.00 14.00 7.00 5.00 5.00 6.00 20.00
C13 16.00 25.00 42.00 54.00 64.00 74.00 82.00 92.00 96.00 58.00 16.00 9.00 17.00 12.00 10.00 10.00 8.00 10.00 4.00 4.00
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Table A.2: Interval and section first flush indicators for TP 
EVENT LV10 LV20 LV30 LV40 LV50 LV60 LV70 LV80 LV90 LVMAX P0010 P1020 P2030 P3040 P4050 P5060 P6070 P7080 P8090 PMAX
A1 18.00 33.00 46.00 57.00 68.00 76.00 82.00 88.00 94.00 70.00 18.00 15.00 13.00 11.00 11.00 8.00 6.00 6.00 6.00 2.00
A2 18.00 34.00 48.00 64.00 76.00 76.00 83.00 91.00 97.00 75.00 18.00 16.00 14.00 16.00 12.00 0.00 7.00 8.00 6.00 11.00
A3 16.00 30.00 45.00 58.00 70.00 71.00 78.00 86.00 92.00 96.00 16.00 14.00 15.00 13.00 12.00 1.00 7.00 8.00 6.00 38.00
A4 27.00 46.00 62.00 70.00 77.00 86.00 87.00 94.00 98.00 60.00 27.00 19.00 16.00 8.00 7.00 9.00 1.00 7.00 4.00 14.00
A5 22.00 42.00 58.00 70.00 78.00 78.00 87.00 94.00 98.00 64.00 22.00 20.00 16.00 12.00 8.00 0.00 9.00 7.00 4.00 6.00
A6 13.00 24.00 38.00 52.00 80.00 82.00 87.00 92.00 96.00 100.00 13.00 11.00 14.00 14.00 28.00 2.00 5.00 5.00 4.00 20.00
A7 18.00 36.00 52.00 66.00 80.00 80.00 88.00 94.00 97.00 90.00 18.00 18.00 16.00 14.00 14.00 0.00 8.00 6.00 3.00 10.00
A8 30.00 42.00 50.00 57.00 64.00 68.00 78.00 86.00 94.00 46.00 30.00 12.00 8.00 7.00 7.00 4.00 10.00 8.00 8.00 4.00
A9 16.00 26.00 36.00 46.00 57.00 70.00 80.00 88.00 95.00 90.00 16.00 10.00 10.00 10.00 11.00 13.00 10.00 8.00 7.00 10.00
B1 18.00 38.00 56.00 69.00 80.00 80.00 86.00 90.00 95.00 78.00 18.00 20.00 18.00 13.00 11.00 0.00 6.00 4.00 5.00 9.00
B4 32.00 45.00 56.00 67.00 76.00 84.00 90.00 95.00 99.00 79.00 32.00 13.00 11.00 11.00 9.00 8.00 6.00 5.00 4.00 3.00
B5 36.00 63.00 81.00 86.00 89.00 92.00 94.00 96.00 98.00 85.00 36.00 27.00 18.00 5.00 3.00 3.00 2.00 2.00 2.00 4.00
B6 23.00 38.00 53.00 67.00 80.00 89.00 92.00 94.00 98.00 83.00 23.00 15.00 15.00 14.00 13.00 9.00 3.00 2.00 4.00 3.00
B7 22.00 35.00 48.00 56.00 66.00 68.00 76.00 86.00 94.00 45.00 22.00 13.00 13.00 8.00 10.00 2.00 8.00 10.00 8.00 10.00






Table A.2: Interval and section first flush indicators for TP (continued from previous page) 
EVENT LV10 LV20 LV30 LV40 LV50 LV60 LV70 LV80 LV90 LVMAX P0010 P1020 P2030 P3040 P4050 P5060 P6070 P7080 P8090 PMAX
B10 30.00 44.00 56.00 68.00 77.00 82.00 88.00 96.00 100.00 69.00 30.00 14.00 12.00 12.00 9.00 5.00 6.00 8.00 4.00 1.00
B13 7.00 18.00 29.00 40.00 51.00 65.00 76.00 87.00 96.00 81.00 7.00 11.00 11.00 11.00 11.00 14.00 11.00 11.00 9.00 16.00
C1 38.00 47.00 55.00 64.00 71.00 78.00 86.00 92.00 97.00 39.00 38.00 9.00 8.00 9.00 7.00 7.00 8.00 6.00 5.00 38.00
C4 23.00 33.00 43.00 52.00 60.00 69.00 80.00 90.00 96.00 38.00 23.00 10.00 10.00 9.00 8.00 9.00 11.00 10.00 6.00 5.00
C6 64.00 69.00 72.00 73.00 75.00 76.00 80.00 86.00 93.00 59.00 59.00 5.00 3.00 1.00 2.00 1.00 4.00 6.00 7.00 7.00
C10 6.00 21.00 36.00 50.00 62.00 69.00 80.00 90.00 96.00 81.00 6.00 15.00 15.00 14.00 12.00 7.00 11.00 10.00 6.00 12.00
C11 4.00 18.00 34.00 48.00 61.00 99.00 100.00 100.00 100.00 66.00 4.00 14.00 16.00 14.00 13.00 38.00 1.00 0.00 0.00 5.00
C12 24.00 44.00 68.00 70.00 76.00 84.00 86.00 91.00 96.00 61.00 25.00 20.00 24.00 2.00 6.00 8.00 2.00 5.00 5.00 17.00
C13 11.00 23.00 35.00 47.00 58.00 70.00 81.00 90.00 96.00 83.00 11.00 12.00 12.00 12.00 11.00 12.00 11.00 9.00 6.00 2.00
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Table A.3: Interval and section first flush indicators for TN 
EVENT LV10 LV20 LV30 LV40 LV50 LV60 LV70 LV80 LV90 FFMAX P0010 P1020 P2030 P3040 P4050 P5060 P6070 P7080 P8090 PMAX
A1 16.00 30.00 44.00 56.00 69.00 76.00 82.00 88.00 94.00 71.00 16.00 14.00 14.00 12.00 13.00 7.00 6.00 6.00 6.00 2.00
A2 18.00 32.00 44.00 57.00 67.00 76.00 83.00 91.00 97.00 60.00 18.00 14.00 12.00 13.00 10.00 9.00 7.00 8.00 6.00 3.00
A3 12.00 24.00 37.00 49.00 60.00 71.00 81.00 90.00 95.00 73.00 12.00 12.00 13.00 12.00 11.00 11.00 10.00 9.00 5.00 2.00
A4 16.00 32.00 46.00 57.00 67.00 76.00 84.00 92.00 98.00 60.00 16.00 16.00 14.00 11.00 10.00 9.00 8.00 8.00 6.00 3.00
A5 17.00 34.00 48.00 60.00 70.00 78.00 87.00 94.00 98.00 55.00 17.00 17.00 14.00 12.00 10.00 8.00 9.00 7.00 4.00 7.00
A6 10.00 22.00 34.00 48.00 67.00 82.00 87.00 92.00 96.00 81.00 10.00 12.00 12.00 14.00 19.00 15.00 5.00 5.00 4.00 14.00
A7 16.00 30.00 42.00 56.00 68.00 80.00 88.00 94.00 97.00 77.00 16.00 14.00 12.00 14.00 12.00 12.00 8.00 6.00 3.00 9.00
A8 18.00 30.00 40.00 50.00 59.00 68.00 78.00 86.00 94.00 34.00 18.00 12.00 10.00 10.00 9.00 9.00 10.00 8.00 8.00 4.00
A9 10.00 22.00 34.00 47.00 58.00 70.00 80.00 88.00 95.00 70.00 10.00 12.00 12.00 13.00 11.00 12.00 10.00 8.00 7.00 12.00
B1 14.00 30.00 44.00 58.00 70.00 80.00 86.00 90.00 95.00 69.00 14.00 16.00 14.00 14.00 12.00 10.00 6.00 4.00 5.00 11.00
B4 17.00 29.00 41.00 52.00 62.00 72.00 80.00 88.00 96.00 66.00 17.00 12.00 12.00 11.00 10.00 10.00 8.00 8.00 8.00 4.00
B5 22.00 42.00 61.00 69.00 74.00 80.00 85.00 90.00 95.00 66.00 22.00 20.00 19.00 8.00 5.00 6.00 5.00 5.00 5.00 5.00
B6 24.00 37.00 49.00 61.00 73.00 80.00 86.00 90.00 96.00 67.00 24.00 13.00 12.00 12.00 12.00 7.00 6.00 4.00 6.00 6.00
B7 14.00 27.00 38.00 48.00 57.00 68.00 76.00 86.00 94.00 36.00 14.00 13.00 11.00 10.00 9.00 11.00 8.00 10.00 8.00 9.00






Table A.3: Interval and section first flush indicators for TN (continued from previous page) 
EVENT LV10 LV20 LV30 LV40 LV50 LV60 LV70 LV80 LV90 FFMAX P0010 P1020 P2030 P3040 P4050 P5060 P6070 P7080 P8090 PMAX
B10 12.00 24.00 35.00 46.00 57.00 68.00 78.00 88.00 96.00 73.00 12.00 12.00 11.00 11.00 11.00 11.00 10.00 10.00 8.00 5.00
B13 8.00 21.00 33.00 43.00 58.00 65.00 76.00 87.00 96.00 81.00 8.00 13.00 12.00 10.00 15.00 7.00 11.00 11.00 9.00 16.00
C1 15.00 28.00 38.00 51.00 61.00 70.00 80.00 89.00 97.00 39.00 15.00 13.00 10.00 13.00 10.00 9.00 10.00 9.00 8.00 39.00
C4 14.00 26.00 37.00 48.00 58.00 69.00 80.00 90.00 96.00 91.00 14.00 12.00 11.00 11.00 10.00 11.00 11.00 10.00 6.00 1.00
C6 34.00 38.00 43.00 47.00 51.00 59.00 63.00 75.00 88.00 31.00 34.00 4.00 5.00 4.00 4.00 8.00 4.00 12.00 13.00 31.00
C10 10.00 22.00 34.00 46.00 57.00 69.00 80.00 90.00 96.00 80.00 10.00 12.00 12.00 12.00 11.00 12.00 11.00 10.00 6.00 11.00
C11 7.00 22.00 38.00 51.00 66.00 99.00 100.00 100.00 100.00 70.00 7.00 15.00 16.00 13.00 15.00 33.00 1.00 0.00 0.00 4.00
C12 14.00 26.00 40.00 58.00 67.00 74.00 81.00 88.00 94.00 64.00 14.00 12.00 14.00 18.00 9.00 7.00 7.00 7.00 6.00 6.00
C13 10.00 23.00 35.00 48.00 58.00 70.00 81.00 90.00 96.00 84.00 10.00 13.00 12.00 13.00 10.00 12.00 11.00 9.00 6.00 3.00
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Table B.1: Interval rainfall parameters 
EVENT RD10 RD20 RD30 RD40 RD50 RD60 RD70 RD80 RD90 RDMAX
A1 0.1398 0.2796 0.4195 0.5593 0.6991 0.8400 0.9800 1.1200 1.2600 0.02
A2 0.1400 0.2800 0.4200 0.5600 0.7000 0.8400 0.9800 1.1200 1.2600 0.03
A3 0.0800 0.1600 0.2400 0.3200 0.4000 0.4800 0.5600 0.6400 0.7200 0.01
A4 0.2200 0.4400 0.6600 0.8800 1.1000 1.3200 1.5400 1.7600 1.9800 0.18
A5 0.3200 0.6400 0.9600 1.2800 1.6000 1.9200 2.2400 2.5600 2.8800 0.17
A6 0.3200 0.6400 0.9600 1.2800 1.6000 1.9200 2.2400 2.5600 2.8800 0.28
A7 0.2600 0.5200 0.7800 1.0400 1.3000 1.5600 1.8200 2.0800 2.3400 0.21
A8 0.4200 0.8400 1.2600 1.6800 2.1000 2.5200 2.9400 3.3600 3.7800 0.95
A9 0.5800 1.1600 1.7400 2.3200 2.9000 3.4800 4.0600 4.6400 5.2200 2.31
B1 0.1400 0.2800 0.4200 0.5600 0.7000 0.8400 0.9800 1.1700 1.2600 0.10
B4 0.2200 0.4400 0.6700 0.8900 1.1100 1.3300 1.5500 1.7700 2.0000 0.07
B5 0.3200 0.6400 0.9600 1.2800 1.6000 1.9200 2.2400 2.5600 2.8800 0.19
B6 0.3200 0.6400 0.9600 1.2800 1.6000 1.9200 2.2400 2.5600 2.8800 0.17








Table B.1: Interval rainfall parameters (continued from previous page) 
EVENT RD10 RD20 RD30 RD40 RD50 RD60 RD70 RD80 RD90 RDMAX
B10 0.0800 0.1600 0.2400 0.3200 0.4000 0.4800 0.5600 0.6400 0.7200 0.12
B13 0.0600 0.1200 0.1800 0.2400 0.3000 0.3600 0.4200 0.4800 0.5400 2.70
C1 0.1400 0.2800 0.4200 0.5600 0.7000 0.8400 0.9800 1.1200 1.2600 0.06
C4 0.2200 0.4400 0.6600 0.8800 1.1000 1.3200 1.5400 1.7600 1.9800 0.80
C6 0.3200 0.6400 0.9600 1.2800 1.6000 1.92 2.2400 2.5600 2.8800 0.22
C10 0.0800 0.1600 0.2400 0.3200 0.4000 0.4800 0.5600 0.6400 0.7200 0.03
C11 0.0800 0.1600 0.2400 0.3200 0.4000 0.4800 0.5600 0.6400 0.7200 0.08
C12 0.5800 1.1600 1.7400 2.3200 2.9000 3.4800 4.0600 4.6400 5.2200 0.59












 Appendix 266  
 
Table B.1: Interval rainfall parameters (continued from previous page) 
EVENT D10 D20 D30 D40 D50 D60 D70 D80 D90 DMAX
A1 1.3982 2.2655 2.7316 3.1976 3.6637 12.1300 12.5900 13.0600 13.5300 0.49
A2 0.7000 1.4000 2.0400 2.3200 2.6000 2.8800 3.1600 3.4400 3.7200 0.07
A3 0.4000 0.8000 1.2000 1.6000 2.0000 2.4000 2.8000 3.2000 3.6000 0.05
A4 4.2000 6.4000 8.6000 10.4000 11.5000 17.2000 21.4000 24.8000 25.9000 1.78
A5 1.0700 2.4000 7.6000 9.4000 11.0000 12.4000 13.4700 15.6000 17.4000 1.04
A6 7.2000 12.2000 13.8000 14.7000 15.5000 17.2000 25.2000 33.6000 46.4000 1.34
A7 4.6000 6.4000 7.2700 8.0800 8.6000 9.1200 9.6400 10.1600 11.1300 0.42
A8 2.3700 3.0700 3.7700 4.5600 5.4000 6.2400 7.0800 7.9200 11.8000 1.91
A9 13.8000 23.6000 25.8000 28.3000 29.7500 30.9600 32.1000 33.0700 34.2000 4.38
B1 1.4000 2.2700 2.7300 3.2000 3.6700 12.1300 12.6000 13.0700 13.5300 0.34
B4 2.2200 6.4400 8.6600 10.4400 11.5500 1.3300 21.5400 24.8800 26.0000 0.34
B5 1.0700 2.4000 7.6000 9.4000 11.0000 12.4000 13.4700 15.6100 17.4000 1.14
B6 7.2000 12.2000 13.8000 14.7000 15.5000 23.6000 25.2000 33.6000 46.4000 0.43








Table B.1: Interval rainfall parameters (continued from previous page) 
EVENT D10 D20 D30 D40 D50 D60 D70 D80 D90 DMAX
B10 0.2700 0.5300 0.8000 1.0700 1.3300 1.6000 1.8700 4.4000 5.2000 0.41
B13 0.5100 1.2000 1.8000 2.2000 2.5000 2.8000 3.1000 3.4000 3.7000 1.04
C1 1.4000 2.2700 2.7300 3.2000 3.7000 12.1300 12.6000 13.0700 13.5300 0.19
C4 4.2000 6.4000 8.6000 10.4000 11.5000 17.2000 21.4000 24.8000 25.9000 14.00
C6 7.2000 12.2000 13.8000 14.7000 15.5000 17.2000 25.2000 33.6000 46.4000 6.24
C10 0.2667 0.5333 0.8000 1.0667 1.3333 1.6000 1.8700 4.4000 5.2000 0.09
C11 0.8000 1.6000 8.4000 9.2000 10.0000 28.4000 28.8000 29.2000 29.6000 25.60
C12 3.2700 6.5300 9.4000 13.6000 22.5000 26.8000 32.6000 38.2000 44.2000 3.01












 Appendix 268  
Table B.1: Interval rainfall parameters (continued from previous page) 
EVENT AI10 AI20 AI30 AI40 AI50 AI60 AI70 AI80 AI90 AIMAX
A1 5.9991 7.4050 9.2144 10.4947 11.4491 4.1550 4.6704 5.1455 5.5876 1.92
A2 12.0000 12.0000 12.3529 14.4828 16.1538 17.5000 18.6076 19.5349 20.3226 25.71
A3 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000 12.00
A4 3.1429 4.1250 4.6047 5.0769 5.7391 4.6047 4.3178 4.2581 4.5869 6.07
A5 17.9439 16.0000 7.5789 8.1702 8.7273 9.2903 9.9777 9.8462 9.9310 9.81
A6 2.6667 3.1475 4.1739 5.2245 6.1935 6.6977 5.3333 4.5714 3.7241 12.54
A7 3.3913 4.8750 6.4374 7.7228 9.0698 10.2632 11.3278 12.2835 12.6146 30.00
A8 10.6329 16.4169 20.0531 22.1053 23.3333 24.2308 24.9153 25.4545 19.2203 29.84
A9 2.5217 2.9492 4.0465 4.9187 5.8487 6.7442 7.5888 8.4185 9.1579 31.71
B1 6.0000 7.4009 9.2308 10.5000 11.4441 4.1550 4.6667 5.3711 5.5876 17.65
B4 5.9459 4.0994 4.6420 5.1149 5.7662 60.0000 4.3175 4.2685 4.6154 12.00
B5 17.9439 16.0000 7.5789 8.1702 8.7273 9.2903 9.9777 9.8398 9.9310 10.00
B6 2.6667 3.1475 4.1739 5.2245 6.1935 4.8814 5.3333 4.5714 3.7241 23.72








Table B.1: Interval rainfall parameters (continued from previous page) 
EVENT AI10 AI20 AI30 AI40 AI50 AI60 AI70 AI80 AI90 AIMAX
B10 17.7778 18.1132 18.0000 17.9439 18.0451 18.0000 17.9679 8.7273 8.3077 17.56
B13 7.0588 6.0000 6.0000 6.5455 7.2000 7.7143 8.1290 8.4706 8.7568 155.77
C1 6.0000 7.4009 9.2308 10.5000 11.3514 4.1550 4.6667 5.1415 5.5876 19.13
C4 3.1429 4.1250 4.6047 5.0769 5.7391 4.6047 4.3178 4.2581 4.5869 3.43
C6 2.6667 3.1475 4.1739 5.2245 6.1935 6.6977 5.3333 4.5714 3.7241 2.12
C10 17.9978 18.0011 18.0000 17.9994 18.0005 18.0000 17.9679 8.7273 8.3077 18.02
C11 6.0000 6.0000 1.7143 2.0870 2.4000 1.0141 1.1667 1.3151 1.4595 0.19
C12 10.6422 10.6585 11.1064 10.2353 7.7333 7.7910 7.4724 7.2880 7.0860 11.76











 Appendix 270  
Table B.2: Section rainfall parameters 
EVENT RD0010 RD1020 RD2030 RD3040 RD4050 RD5060 RD6070 RD7080 RD8090 RDMAX
A1 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.02
A2 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.03
A3 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.01
A4 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.18
A5 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.17
A6 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.28
A7 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.21
A8 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.95
A9 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 2.31
B1 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.19 0.09 0.10
B4 0.22 0.22 0.23 0.22 0.22 0.22 0.22 0.22 0.23 0.07
B5 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.19
B6 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.17









Table B.2: Section  rainfall parameters (continued from previous page) 
EVENT RD0010 RD1020 RD2030 RD3040 RD4050 RD5060 RD6070 RD7080 RD8090 RDMAX
B10 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.12
B13 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 2.70
C1 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.06
C4 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.80
C6 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.22
C10 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.03
C11 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
C12 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.59












 Appendix 272  
Table B.2: Section rainfall parameters (continued from previous page) 
EVENT D0010 D1020 D2030 D3040 D4050 D5060 D6070 D7080 D8090 DMAX
A1 1.40 0.87 0.47 0.47 0.47 8.47 0.46 0.47 0.47 0.49
A2 0.70 0.70 0.64 0.28 0.28 0.28 0.28 0.28 0.28 0.07
A3 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.05
A4 4.20 2.20 2.20 1.80 1.10 5.70 4.20 3.40 1.10 1.78
A5 1.07 1.33 5.20 1.80 1.60 1.40 1.07 2.13 1.80 1.04
A6 7.20 5.00 1.60 0.90 0.80 1.70 8.00 8.40 12.80 1.34
A7 4.60 1.80 0.87 0.81 0.52 0.52 0.52 0.52 0.97 0.42
A8 2.37 0.70 0.70 0.79 0.84 0.84 0.84 0.84 3.88 1.91
A9 13.80 9.80 2.20 2.50 1.45 1.21 1.14 0.97 1.13 4.38
B1 1.40 0.87 0.46 0.47 0.47 8.46 0.47 0.47 0.46 0.34
B4 2.22 4.22 2.22 1.78 1.11 5.78 20.21 3.34 1.12 0.34
B5 1.07 1.33 5.20 1.80 1.60 1.40 1.07 2.14 1.79 1.14
B6 7.20 5.00 1.60 0.90 0.80 8.10 1.60 8.40 12.80 0.43









Table B.2: Section rainfall parameters (continued from previous page) 
EVENT D0010 D1020 D2030 D3040 D4050 D5060 D6070 D7080 D8090 DMAX
B10 0.27 0.26 0.27 0.27 0.26 0.27 0.27 2.53 0.80 0.41
B13 0.51 0.69 0.60 0.40 0.30 0.30 0.30 0.30 0.30 1.04
C1 1.40 0.87 0.46 0.47 0.50 8.43 0.47 0.47 0.46 0.19
C4 4.20 2.20 2.20 1.80 1.10 5.70 4.20 3.40 1.10 14.00
C6 7.20 5.00 1.60 0.90 0.80 1.70 8.00 8.40 12.80 6.24
C10 0.27 0.27 0.27 0.27 0.27 0.27 0.27 2.53 0.80 0.09
C11 0.80 0.80 6.80 0.80 0.80 18.40 0.40 0.40 0.40 25.60
C12 3.27 3.26 2.87 4.20 8.90 4.30 5.80 5.60 6.00 3.01












 Appendix 274  
Table B.2: Section rainfall parameters (continued from previous page) 
EVENT AI0010 AI1020 AI2030 AI3040 AI4050 AI5060 AI6070 AI7080 AI8090 AIMAX ADP
A1 6.00 9.67 18.01 18.00 18.00 1.00 18.26 17.87 17.87 1.92
23.65
A2 12.00 12.00 13.13 30.00 30.00 30.00 30.00 30.00 30.00 25.71
9.24
A3 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00
216.00
A4 3.14 6.00 6.00 7.33 12.00 2.32 3.14 3.88 12.00 6.07
164.00
A5 17.94 14.44 3.69 10.67 12.00 13.71 17.94 9.01 10.67 9.81
396.00
A6 2.67 3.84 12.00 21.33 24.00 11.29 2.40 2.29 1.50 12.54
24.00
A7 3.39 8.67 17.93 19.26 30.00 30.00 30.00 30.00 16.08 30.00
202.00
A8 10.63 36.00 36.00 31.90 30.00 30.00 30.00 30.00 6.49 29.84
9.00
A9 2.52 3.55 15.82 13.92 24.00 28.76 30.53 35.88 30.80 31.71 3.00
B1 6.00 9.66 18.26 17.87 17.87 0.99 17.87 24.26 11.74 17.65
23.65
B4 5.95 3.13 6.22 7.42 11.89 2.28 0.65 3.95 12.32 12.00
164.00
B5 17.94 14.44 3.69 10.67 12.00 13.71 17.94 8.97 10.73 10.00
396.00
B6 2.67 3.84 12.00 21.33 24.00 2.37 12.00 2.29 1.50 23.72
24.00








Table B.2: Section rainfall parameters (continued from previous page) 
EVENT AI0010 AI1020 AI2030 AI3040 AI4050 AI5060 AI6070 AI7080 AI8090 AIMAX ADP
B10 17.78 18.46 17.78 17.78 18.46 17.78 17.78 1.90 6.00 17.56 170.40
B13 7.06 5.22 6.00 9.00 12.00 12.00 12.00 12.00 12.00 155.77 4.00
C1 6.00 9.66 18.26 17.87 16.80 1.00 17.87 17.87 18.26 19.13
23.65
C4 3.14 6.00 6.00 7.33 12.00 2.32 3.14 3.88 12.00 3.43
164.00
C6 2.67 3.84 12.00 21.33 24.00 11.29 2.40 2.29 1.50 2.12
24.00
C10 18.00 18.00 18.00 18.00 18.00 18.00 17.78 1.90 6.00 18.02
170.40
C11 6.00 6.00 0.71 6.00 6.00 0.26 12.00 12.00 12.00 0.19
20.00
C12 10.64 10.67 12.13 8.29 3.91 8.09 6.00 6.21 5.80 11.76
16.00

























































































































































Cumulative runoff volume, V(%) 
Catchment A 
A. Variations of LV curves for TP in Catchment A 
 























































































Cumulative runoff volume, V (%) 
Catchment  A 
C. Variations of LV curves for TP in Catchment C 
 
D. Variations of LV curves for TN in Catchment A 
 












































Cumulative runoff volume, V (%) 





































Cumulative runoff volume, V(%) 
Catchment  C 
Figure C.1: Variations of LV curves for TP and TN in Catchment A, Catchment B 
and Catchment C 
 
E. Variations of LV curves for TN in Catchment B 
 
F. Variations of LV curves for TN in Catchment C 
 
